The effect of lead as co-contaminant with petrogenic hydrocarbons on soil bioremediation, ecotoxicity and diversity of the microbial community by Khudur, L
The effect of lead as co-contaminant with petrogenic hydrocarbons on 
soil bioremediation, ecotoxicity and diversity of the microbial community 
A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 
Leadin S. Khudur 
BSc Microbiology, Salahaddin University 
MSc Biotechnology, RMIT University  
School of Science 
 College of Science, Engineering and Health 
RMIT University 
September 2019
II 
Declaration 
I, Leadin S. Khudur certify that except where due acknowledgement has been made, the work 
is that of the author alone; the work has not been submitted previously, in whole or in part, to 
qualify for any other academic award; the content of the thesis is the result of work which has 
been carried out since the official commencement date of the approved research program; 
any editorial work, paid or unpaid, carried out by a third party is acknowledged; and, ethics 
procedures and guidelines have been followed. 
Leadin S. Khudur 
20 September 2019 
III 
“I never lose. 
I either win or I learn” 
Nelson Mandela
IV 
Acknowledgements 
Foremost, I would like to express my deepest appreciation to my supervisor, Distinguished 
Professor Andy Ball for his encouragement, valuable advice and financial support. I could not 
have imagined having a better advisor for my study, he has been a tremendous mentor for 
me. Please accept my everlasting gratitude. 
I would also like to express my great appreciation to my associate supervisor Professor 
Dayanthi Nugegoda for her valuable support and cooperation throughout my study at RMIT 
University.  
Also, I am thankful for the endless moral support I have received from Professor Mark Osborn, 
the Associate Dean, Biosciences & Food Technology, School of Science, RMIT University, 
throughout my PhD study.  
I would like to acknowledge the support I have received for my research from my dear friend 
Dr Esmaeil Shahsavari. 
I acknowledge the support I have received for my research through the provision of an 
Australian Government Research Training Program Scholarship.
My sincere thanks go to the School of Science - RMIT University for the generous offer I 
have received for my research through the provision of a School of Science Fee scholarship.   
Last but certainly not least, I would like to dedicate this thesis to my beloved family. 
Words cannot express how grateful I am to my lovely wife, May, for her love, patience, 
understanding and unquantifiable moral support, my two little angels, Liora and Melina, for 
making our life full of happiness and fun. My sincere thanks go to my parents for their 
love, devotion and prayers; as well as my brothers and their families for supporting me as 
I am far away from home. I would like to express special thanks and appreciations to my in-
laws for their endless support. Finally, I would like to thank everyone who has assisted 
me during my stay in Australia, in addition, all my friends in Australia and back home. 
V 
 
Table of Contents 
Declaration .......................................................................................................................... II 
Acknowledgements ........................................................................................................... IV 
Table of Contents ................................................................................................................ V 
List of Figures  ................................................................................................................... IX 
List of Tables ....................................................................................................................... X 
Summary ............................................................................................................................. 1 
Preface ................................................................................................................................. 4 
Aims and objectives ........................................................................................................... 5 
Papers / Book chapters published from this thesis ......................................................... 7 
 
CHAPTER 1  
Introduction ......................................................................................................................... 8 
A Review on the Bioremediation of Petroleum Hydrocarbons: Current State of the Art 
Statement of Authorship ................................................................................................. 9 
Abstract ....................................................................................................................... 10 
Introduction .................................................................................................................. 11 
What Happens to Petroleum Hydrocarbon After Entering the Environment?  ............... 11 
Bioremediation of Petroleum Hydrocarbons ................................................................. 12 
Microbial Degradation of PHC and Affecting Factors ................................................... 14 
Factors Affecting the degradation Process ................................................................... 15 
The Presence of Oxygen ......................................................................................... 15 
Nutrient Concentration ............................................................................................. 15 
Microbial Diversity ................................................................................................... 15 
Temperature ............................................................................................................ 16 
Approaches to Evaluating Bioremediation Efficiency .................................................... 16 
Physiochemical Approaches .................................................................................... 16 
Gas Chromatography Flame Ionization Detection (GC FID) .................................... 16 
Gas Chromatography-Mass Spectrometry (GC MS) ................................................ 17 
Infrared Spectroscopy (IR) ....................................................................................... 18 
Fluorescence Spectroscopy ..................................................................................... 18 
Biological Approaches .................................................................................................. 19 
Culture-Dependent Techniques ............................................................................... 19 
Microbial Isolation and Enumeration ........................................................................ 19 
Biolog™ Plates ........................................................................................................ 19 
Culture-Independent Techniques ............................................................................. 20 
VI 
 
Enzyme Activity ....................................................................................................... 20 
Soil Respiration Test ................................................................................................ 22 
Biomarkers .............................................................................................................. 22 
Internal Petroleum Biomarkers ................................................................................. 22 
Cellular Biomarkers ................................................................................................. 23 
Ecotoxicity Tests .......................................................................................................... 23 
Molecular-Based Techniques ....................................................................................... 24 
Real-Time Polymerase Chain Reaction (qPCR) ...................................................... 25 
Next-Generation Sequencing (NGS) ........................................................................ 26 
Mixed Contamination ................................................................................................... 26 
Gaps and Limitations ................................................................................................... 27 
References .................................................................................................................. 29 
Chapter One Supplementary Information ..................................................................... 35 
 
CHAPTER 2  
General Methodology  ...................................................................................................... 38 
Chemicals and reagents ............................................................................................... 38 
Soil sampling and storage ............................................................................................ 38 
Soil nutrients and texture ............................................................................................. 39 
Soil pH measurement................................................................................................... 39 
Soil moisture content (%) ............................................................................................. 39 
Soil organic matter (%) ................................................................................................. 39 
Analysis of soil contaminants analysis performed by ALS ............................................ 40 
Soil calibration model for RemScan ............................................................................. 40 
The Microtox test ......................................................................................................... 41 
Agarose gel electrophoresis ......................................................................................... 43 
Data analysis ............................................................................................................... 43 
References .................................................................................................................. 44 
 
CHAPTER 3  
RemScan: A tool for monitoring the bioremediation of Total Petroleum Hydrocarbons 
in contaminated ................................................................................................................ 45 
Statement of Authorship ............................................................................................... 46 
Abstract ........................................................................................................................ 47 
Method background  .................................................................................................... 48 
Method details .............................................................................................................. 48 
VII 
 
Method validation ......................................................................................................... 49 
Additional information ................................................................................................... 50 
Acknowledgement ........................................................................................................ 51 
References ................................................................................................................... 51 
 
CHAPTER 4 
Implications of co-contamination with aged heavy metals and total petroleum 
hydrocarbons on natural attenuation and ecotoxicity in Australian soils .................... 52 
Statement of Authorship ............................................................................................... 53 
Abstract ........................................................................................................................ 54 
Introduction .................................................................................................................. 54 
Methods and Materials ................................................................................................. 55 
Sample collection .................................................................................................... 55 
Soil texture, TPH and heavy metals analysis ........................................................... 55 
Bioluminescence inhibition testing (Microtox test) .................................................... 56 
DNA isolation ........................................................................................................... 56 
Quantification of total bacteria and the hydrocarbon-degrader bacteria ................... 56 
Bacterial community analysis via Next Generation Sequencing (NGS) .................... 56 
Results and Discussion ................................................................................................ 56 
Soil and contaminants characterisation .................................................................... 56 
Soil toxicity .............................................................................................................. 56 
Analysis of soil bacterial community ........................................................................ 60 
The diversity of total bacteria and alkB gene copies ................................................ 60 
NGS analysis ........................................................................................................... 60 
Conclusion ................................................................................................................... 61 
Acknowledgments ........................................................................................................ 61 
References ................................................................................................................... 61 
 
CHAPTER 5 
The impact of lead co-contamination on ecotoxicity and the bacterial community 
during the bioremediation of Total Petroleum Hydrocarbon-contaminated soils  ....... 63 
Statement of Authorship ............................................................................................... 64 
Abstract ........................................................................................................................ 65 
Introduction .................................................................................................................. 65 
Materials and Methods ................................................................................................. 66 
Experiment design ................................................................................................... 66 
Quantitative analysis of the contaminants ................................................................ 66 
VIII 
 
TPH concentration measurement ............................................................................ 66 
Lead (Pb) concentration measurement .................................................................... 66 
Ecotoxicity analysis.................................................................................................. 67 
Earthworms’ Acute toxicity test ................................................................................ 67 
Bioluminescence inhibition testing: the Microtox test ............................................... 67 
Bacterial community’s analysis ................................................................................ 67 
Bacterial DNA extraction .......................................................................................... 67 
Quantification of bacterial 16s rRNA and alkB genes ............................................... 67 
Next Generation Sequencing (NGS) of the bacterial communities ........................... 67 
Data analysis ........................................................................................................... 67 
Results and Discussion ................................................................................................ 68 
Concentration of contaminants ................................................................................ 68 
Assessing TPH concentration .................................................................................. 68 
Assessing Pb concentration ..................................................................................... 68 
Soil Ecotoxicity ........................................................................................................ 69 
Soil bacterial community .......................................................................................... 70 
Quantification analysis of bacterial 16S rRNA and alkB genes ................................ 70 
Bacterial communities’ structure and composition ................................................... 71 
Conclusion ................................................................................................................... 72 
Declaration of interests................................................................................................. 73 
Acknowledgments ........................................................................................................ 73 
References ................................................................................................................... 73 
 
CHAPTER 6  
General Discussion........................................................................................................... 76 
RemScan as a tool to monitor Bioremediation .............................................................. 77 
Ecotoxicity .................................................................................................................... 78 
The efficacy of bioremediation ...................................................................................... 79 
Soil bacterial community analysis ................................................................................. 80 
Copies number of 16s rRNA and alkB genes ............................................................... 80 
Soil bacterial diversity................................................................................................... 81 
Bacterial community structures .................................................................................... 83 
Future perspective ....................................................................................................... 85 
Conclusion ................................................................................................................... 87 
References ................................................................................................................... 88 
 
 
IX 
 
List of Figures 
Chapter 1  
Figure 27.1. The classification of petroleum hydrocarbons  .......................................... 11 
Figure 27.2. The fate of PHC in the terrestrial environment .......................................... 12 
Figure 27.3. Main pathway of microbial aerobic degradation of PHC ........................... 14 
Figure 27.4. Techniques used to evaluate the bioremediation of PHC ......................... 17 
Figure 27.5. The Biolog test ......................................................................................... 20 
Figure 27.6. The dehydrogenase enzyme activity test.................................................. 21 
Chapter 2  
Figure 2. 1. Microtox analyser, showing the incubator wells and the read well ............. 42 
Chapter 3  
Figure 1. (A) RemScan device installed on the Lab Station. (B) RemScan device and the 
related components ...................................................................................... 48 
Figure 2. RemScan versus GC/MS values of TPHs concentrations  ............................. 49 
Chapter 4 
Figure 1. Toxicity of the test soil samples based on the presence of the contaminants in 
the soil. ......................................................................................................... 57 
Figure 2. Principle Component Analysis (PCA) biplot depicting the relationship between 
the contaminants with the toxicity and number of gene copies in the test soil 
samples ............................................................................................................ 58 
Figure 3. Comparison of the relative abundance (% of total sequences) of top 10 
bacterial genera in the test soil samples ....................................................... 59 
Chapter 5 
Figure 1. (A) Reduction in TPH concentration over 28 weeks of bioremediation of TPH 
and TPH-Pb contaminated soils using natural attenuation and biostimulation 
strategies. (B) Temperature profile throughout the 28 weeks of bioremediation 
of TPH contaminated-soil ............................................................................. 68 
Figure 2. Reduction in soil ecotoxicity during 28 weeks of bioremediation of TPH and 
TPH-Pb contaminated soils using natural attenuation and biostimulation 
strategies. (A) Earthworms' acute toxicity test. (B) The Microtox test. ........... 69 
Figure 3. Variation in the number of gene copies measured using qPCR during 28 
weeks of natural attenuation and biostimulation of TPH and TPH-Pb co-
contamination scenarios. (A) 16S rRNA gene. (B) alkB gene ....................... 70 
Figure 4. Variation in the relative abundance of the top 50 bacterial genera of the soil 
during 28 weeks of bioremediation of the experimental treatments. ............. 72 
Chapter 6 
Figure 1. Flowchart of thesis progression highlighting the main hey areas presented in 
this thesis  .................................................................................................... 76 
 
X 
 
List of Tables 
Chapter 1  
Table 27.1. The main bioremediation strategies used to treat PHC contaminated 
environment ................................................................................................. 13 
Table 27.2. Media used in cultivation and isolation of microorganism from environmental 
samples ........................................................................................................ 20 
Table 27.3. The most common molecular techniques used to evaluate the microbial 
communities in hydrocarbon contaminated environmental samples ............. 25 
Table 27.4. Technical factors limiting bioremediation of PHC ....................................... 28 
Chapter 2  
Table 2.1. Dilution series used for building soil’s calibration models for RemScan ....... 41 
Chapter 3  
Table 1. TPH concentrations analyzed using RemScan and GC/MS for a subset of the 
test soil samples ........................................................................................... 50 
Chapter 4 
Table 1. Soil characterisation and contaminants concentration in the test soil samples 
 ......................................................................................................................... 57 
Table 2. Correlation matrix using Pearson Correlation coefficient factor between the 
contaminants and some of the soil variables .................................................. 57 
Table 3. Gene copies numbers of alkB gene and 16S rRNA and diversity indices. ...... 58 
Table 4. Correlation matrix using Pearson Correlation coefficient factor between the 
most common bacterial genera and the contaminants in the soil samples ...... 60 
Chapter 5 
Table 1. The addition of contaminants and biostimulator into the experimental 
treatments. ..................................................................................................... 67 
Table 2. Characterisation of the test soil and the biostimulator. .................................... 67 
Table 3. Reduction in the number of bacterial taxa of the contaminated soils during 28 
weeks of natural attenuation and biostimulation of TPH and TPH-Pb co-
contamination scenarios. ................................................................................ 71 
 
 
 
 
 
 
 
Summary  
The global demand for petroleum products has increased, reaching 4,488 Mtoe in 2018. Total 
Petroleum Hydrocarbons (TPH), the main component of crude oil, comprise a broad family of 
chemicals consisting largely of carbon and hydrogen. During the exploration, recovery, 
storage and transport of petroleum products, TPH enters the environment causing serious 
land contamination. TPH contamination is of major concern worldwide due to its high toxicity 
to the soil biota which, causes damage to the ecosystem if left untreated. Bioremediation 
represents a simple, cost-effective and environmentally safe approach to treat TPH 
contaminated soils. However, the traditional approaches of measuring TPH concentration 
during the bioremediation process are relatively expensive and time-consuming. Additionally, 
assessing the reduction in TPH concentration, which is usually used to evaluate the efficacy 
of bioremediation, is not itself an indication of a decrease in the associated ecotoxicity. Co-
contamination, often with lead (Pb) which was commonly added to gasoline until 16 years ago 
is one of the biggest challenges affecting the effectiveness of bioremediation. The presence 
of heavy metals, as co-contaminants negatively impacts the rate of TPH biodegradation, the 
associated ecotoxicity as well as the activity and diversity of the natural microbial communities 
which are the backbone of any bioremediation process.  
The overarching aim of this study was to design appropriate bioremediation strategies for 
heavy metals co-contaminated soils by evaluating the impact of lead co-contamination on the 
ecotoxicity and bacterial community in TPH-contaminated soils. 
The aim of the work carried out in Chapter 3 of the thesis (the first results chapter) was to 
assess the potential of RemScan as a fast, accurate and cost-effective portable device to be 
used as a tool to monitor the bioremediation process. Quantitative analysis of TPH was 
performed using RemScan on a variety of TPH-contaminated soils as an alternative to slow 
and expensive analyses currently being used, such as Gas Chromatography applications. The 
TPH values obtained were validated and compared with the results obtained from an 
accredited external laboratory, which uses Gas Chromatography/Mass Spectrometry 
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(GC/MS) for TPH analysis. RemScan showed a correlation coefficient (R2) of 0.998 in 
comparison with GC/MS but importantly results in a significant reduction in both time and cost. 
The aim of the research conducted in Chapter 4 was to evaluate the effect of heavy metals as 
co-contaminant, together with total petroleum hydrocarbons (TPH), in terms of the remaining 
soil toxicity and the structure of the microbial communities in weathered contaminated soils. 
Contaminated soil samples from a relatively hot and dry climate in Western Australia were 
collected (n = 27). The Microtox test confirmed elevated ecotoxicity in the co-contaminated 
soils. Toxicity was correlated with the presence of lead, zinc and TPH (0.893, 0.599 and 
0.488), respectively. 16S rRNA amplicon-based sequencing showed a lack of dominant 
genera; however, many genera of hydrocarbon-degrading bacteria were identified in all soil 
samples. Streptomyces spp. were present in 93% of the samples with abundance between 
7% and 40%. In contrast, Acinetobacter spp. were found in only one sample but were a 
dominant member (45%) of the microbial community. In addition, some bacterial genera were 
correlated to the presence of heavy metals, such as Geodermatophilus spp., Rhodovibrio spp. 
and Rubrobacter spp. which were correlated with copper, lead and zinc, respectively.  
The research conducted in Chapter 5 aimed to investigate the impact of co-contamination with 
lead on the efficacy of two bioremediation processes, natural attenuation and biostimulation 
of TPH. The biostimulated treatment, using RemActiv (a commercial biostimulator), resulted 
in 96% and 84% reduction in TPH concentration in a single and a co-contamination scenario, 
respectively over 28 weeks of a mesocosm study. This reduction was significantly higher in 
comparison to soils undergoing natural attenuation in a single and a co-contamination 
scenario (56% and 59% respectively). In contrast, earthworm toxicity tests resulted in a 
decrease of 72% of the naturally attenuated toxicity compared to only 62% in soils undertaking 
the biostimulated treatment of a single contamination scenario. In a co-contamination 
scenario, the toxicity decreased by only 30% and 8% in natural attenuation and biostimulation 
treatments, respectively. 16S rRNA amplicon-based sequencing revealed major bacterial 
dominance by Nocardioides spp., which reached 40% in week 20 of the natural attenuation 
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treatment. In the biostimulated soil samples, more than 50% of the bacterial community was 
dominated by Alcanivorax spp. in week 12. The presence of Pb in soils undergoing the natural 
attenuation treatment resulted in an increased abundance of several Pb-resistance genera in 
addition to Nocardioides spp. such as Sphingopyxis spp., Thermomonas spp. In contrast, in 
the presence of Pb, the microbial community was completely dominated by Pseudomonas 
spp., comprising approximately 45% of the bacterial profile in week 12.  
Overall, it can be concluded from the work that (i) RemScan can be used as an accurate, fast 
and cost-effective tool to measure the TPH concentration during bioremediation of TPH 
contaminated soils; (ii) biostimulation is more effective than natural attenuation in remediating 
TPH and TPH-Pb contaminated soils; (iii) the presence of co-contaminants (e.g. heavy metals) 
alongside TPH causes serious complications impacting the efficacy of bioremediation of TPH 
in co-contaminated soils. These complications, which include elevating the associated 
ecotoxicity and changing the structure of soil microflora, must be fully assessed and 
considered in designing an effective bioremediation strategy.   
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Preface 
This thesis is structured in 6 Chapters. 
Chapter 1 contains a general literature review of the study area together with the aims and 
objectives of the research.  
Chapter 2 includes the general materials and methods used throughout the research which 
are not fully described in the Results Chapters.  
The main body of this thesis consists of three Result Chapters presented as published journal 
articles, reproduced in their publication format, in Chapters 3, 4 and 5.  
The general discussion and conclusions are presented in Chapter 6 which also highlights 
future perspectives. 
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Aims and Objectives 
The overarching aim of the work carried out in this thesis was to design appropriate 
bioremediation strategies for heavy metals co-contaminated soils by evaluating the impact of 
lead co-contamination on the ecotoxicity and bacterial community in TPH-contaminated soils. 
The specific aims of the work described in the research chapters were: 
i. Assessing the potential of RemScan as a fast, accurate and cost-effective
portable device to be used as a tool to monitor the bioremediation process.
The traditional quantitative approaches of measuring TPH concentration, such as 
GC/MS, are relatively expensive and time-consuming. In addition, the sample-
extraction protocols required for the GC/MS are labour-intensive. RemScan, a novel 
hand-held mid-infrared instrument for the quantitative analysis of TPH pollution in the 
soil which was demonstrated and marketed by Ziltek Pty. Ltd., Australia in 2016. The 
primary aim of Chapter 3 was to evaluate the potential of RemScan as a tool to 
monitor the concentration of TPH during the bioremediation of TPH-contaminated 
soils. RemScan outputs were compared to the traditional laboratory methods in terms 
of accuracy, cost and time.     
ii. Investigating the impact of the presence of heavy metals (especially lead) as co-
contaminant alongside TPH on the soil ecotoxicity, the structure of the soil
bacterial communities.
The presence of co-contaminants alongside TPH often results in reduced activity and 
diversity of the natural microbial communities resulting in a reduction in the efficacy 
of the bioremediation process whilst increasing any associated ecotoxicity. The aims 
of Chapters 4 and 5 included the evaluation of the impact of heavy metals, as co-
contaminant, along with TPH, on the soil toxicity and the structure of the microbial 
communities in weathered and fresh contaminated sites.  
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iii. Evaluating the efficacy of two bioremediation strategies, natural attenuation and
biostimulation in remediating TPH-contaminated soils and TPH-lead co-
contaminated soils.
Bioremediation represents a simple, cost-effective and environmentally safe 
approach to treat TPH contaminated soils. The reduction in TPH concentration is 
often used to evaluate the efficacy of bioremediation, which is not itself an indication 
of a decrease in the associated ecotoxicity. Moreover, co-contamination, often with 
lead (Pb) represents a serious challenge affecting the effectiveness of 
bioremediation. The aim of Chapter 5 was to evaluate the efficacy of two 
bioremediation strategies, natural attenuation and biostimulation in remediating TPH-
contaminated soils and TPH-Pb co-contaminated soils. In addition, this study aimed 
to investigate the impact of co-contamination with Pb on the efficacy of the 
implemented bioremediation strategies.  
In summary, the specific aims of this study were: 
• Assessing the potential of RemScan as a fast, accurate and cost-effective portable
device to be used as a tool to monitor the bioremediation process.
• Investigating the impact of the presence of heavy metals (especially lead) as co-
contaminant alongside TPH on the soil ecotoxicity, the structure of the soil bacterial
communities.
• Evaluating the efficacy of two bioremediation strategies, natural attenuation and
biostimulation in remediating of TPH-contaminated soils and TPH-Pb co-contaminated
soils.
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Chapter 27
A Review on the Bioremediation
of Petroleum Hydrocarbons: Current 
State of the Art
Leadin S. Khudur, Esmaeil Shahsavari, Arturo Aburto-Medina, 
and Andrew S. Ball
Abstract Petroleum hydrocarbons (PHC) enter the environment due to explora-
tion, transportation, usage and spills. PHC contamination is of major concern
worldwide due to the damage they cause to the environment. Clean up of
hydrocarbon-contaminated sites is expensive and time-consuming; however, biore-
mediation represents a cost-effective and environmentally safe approach to clean up
PHC contamination. Many bioremediation strategies can be applied depending on
the contaminated site and the surrounding environment. In addition, a variety of
technologies are used to assess the efficiency of bioremediation of contaminated
environments through analysis of the concentration of the pollutant. Other technolo-
gies are applied to study the microbial communities in the contaminated sites since
they represent the backbone of any bioremediation process. One of the most conve-
nient technologies in this regard is next-generation sequencing (NGS) since it is
cost-effective and provides comprehensive information regarding diversity and
therefore bioremediation potential of microbial communities. Bioremediation, how-
ever, is not always a straightforward approach, especially when another contami-
nant (e.g. heavy metals) is associated with PHC. In this chapter, the concept of
bioremediation of hydrocarbon-contaminated environments is illustrated. Moreover,
the most common technologies applied in bioremediation are explained. In addi-
tion, the most recent tools for assessing the microbial ecology are described. Finally,
current challenges and limitations of bioremediation are presented.
L. S. Khudur · E. Shahsavari ( * )  · A. Aburto-Medina · A. S. Ball
Centre for Environmental Sustainability and Remediation, School of Science,
RMIT University, Bundoora, VIC, Australia
e-mail: esmaeil.shahsavari@rmit.edu.au
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1. Introduction
2. What Happens to Petroleum Hydrocarbon
After Entering the Environment?
Petroleum hydrocarbons (PHC) describe a large group of chemicals which are basi-
cally made of hydrogen and carbon. Crude oils are the main source of PHC, and the
concentration of each compound varies according to the source. Four main struc-
tural groups represent the main components of PHC (Fig. 27.1). The saturate com-
ponent or the aliphatic fraction which contains alkanes and cycloalkanes and extends
from C1 (methane gas) up to C40; the aromatic component which is classified based
on the number of the benzene rings; the asphaltene component which includes
ketones, phenols and esters; and the resin component which includes sulphoxides,
pyridines and amides (Colwell and Walker 1977). While most of the PHC compo-
nents are combustible, they differ in their physiochemical characteristics, such as
colour, odour and boiling and evaporation points.
PHC enter the environment through transportation, oil spills and leaks, industrial
activities and private use. They move through the soil while some compounds might
attach to soil particles, while others reach the groundwater and therefore affect the
whole ecosystem including humans (ATSDR 1999). Therefore, for assessing the
risks associated with PHC in any ecosystem, it is important to investigate the fate of
Fig. 27.1 The classification of petroleum hydrocarbons (PHC)
L. S. Khudur et al.
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27.3 Bioremediation of Petroleum Hydrocarbons
Bioremediation is the application of biological agents to break down and naturalize
environmental contaminants. Bacteria, fungi and plants are the most common
organisms used in bioremediation of petroleum hydrocarbon-contaminated soil due
to their ability to degrade petroleum hydrocarbons (Medina-Bellver et al. 2005).
The application of bioremediation started last century when the hydrocarbon utili-
zation abilities of many indigenous microorganisms were reported. However, since
the beginning of the twenty-first century, research has extensively focused on biore-
mediation and its application.
Fig. 27.2 The fate of PHC in the terrestrial environment
PHC when entering the environment. Figure 27.2 illustrates the main fate of PHC
when they enter the terrestrial environment (Brown et al. 2017). Many factors affect
the spreading, infiltration and biodegradation of the PHC in the soil. Some of these
factors are contaminant-related, such as quantity, chemical composition and viscos-
ity of the PHC fraction, while other factors are site-related such as type, porosity,
permeability and particle size of the soil.
Biodegradation of PHC takes place through the hydrocarbon-degrading fraction
of the natural microbial community, following the initial oil spill into the environ-
ment, although the soil microflora is highly affected by the presence of the contami-
nant (Fig. 27.2). The number of hydrocarbon-degrading microorganisms as well as
the concentration and bioavailability of the PHC fraction affect the degradation rate,
in addition to many other factors, such as temperature, moisture content and nutrient
concentration (Baboshin and Golovleva 2012).
27 A Review on the Bioremediation of Petroleum Hydrocarbons: Current State…
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Many bioremediation strategies can be applied to treat hydrocarbon-contaminated 
environmental samples (Table 27.1); these strategies include:
1. Natural attenuation can be defined as the biodegradation of the contaminant by
the indigenous microflora of the soil, without any human involvement (Yu et al.
2005a). The degradation rate of the contaminant may be slow because it depends
on the presence of hydrocarbon-degrading microbes, nutrient availability and the
contamination level (Iwamoto and Nasu 2001). This strategy requires periodic
monitoring but has the advantage of not disturbing the sensitive ecological
habitats.
2. Biostimulation is a widely used strategy of bioremediation in which the degrada-
tion process of a contaminant is accelerated through the addition of nutrient to
the soil microflora. Many nutrients are involved in the biostimulating process
such as carbon, phosphorus, nitrogen and oxygen (Andreolli et al. 2015). Many
studies have shown that biostimulation has significantly increased biodegrada-
tion of PHC (Khudur et al. 2015; Suja et al. 2014; Andreolli et al. 2015). However,
the elevated concentration of the added nutrients can cause an imbalance of the
natural microbial diversity in the soil resulting in a reduced biodegradation
capacity (Yerushalmi et al. 2003).
3. Bioaugmentation is the increase of the hydrocarbon degraders’ biomass by add-
ing native microbial inocula and therefore increases the degradation rate of the
contaminant. The effect of bioaugmentation on increasing the degradation rate of
PHC has been reported in many studies (Wu et al. 2016). However, other studies
have shown that bioaugmentation has no effect on hydrocarbon degradation (Yu
et al. 2005b). This addition of exogenous microbial species into the contami-
nated soil might alter the natural composition of the microbial diversity in the
treated environment (Festa et al. 2016).
4. Phytoremediation is defined to use the plant and associated microorganisms to
degrade, remove or clean up the environments. In regard to PHC, plant roots and
Bioremediation 
strategy
Mechanism Limitations
Natural attenuation Using the indigenous microflora to 
breakdown PHC
Slow process
Incomplete degradation
Biostimulation Enhancing the indigenous microflora by the 
addition of nutrients to accelerate the  
degradation process
May alter the natural 
balance of nutrients
Bioaugmentation Increasing the biomass of hydrocarbon-
degrading microflora to increase the  
degradation rate
Changes the biodiversity of  
the natural microbial  
habitat
Phytoremediation Using plants and associated microbes to 
break down hydrocarbons
Toxicity of pollutants 
towards the plants
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Table 27.1 The main bioremediation strategies used to treat PHC-contaminated environment
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27.4 Microbial Degradation of PHC and Affecting Factors
The ability of microflorae to utilize PHC as their source of energy was firstly
reported in 1946 (Zobell 1946). Since then, research has been conducted to investi-
gate the biological degradation of PHC. Although most hydrocarbonoclastic bio-
logical agents are bacteria which act as primary degraders in the case of an oil spill
(Brooijmans et al. 2009), hydrocarbon-degrading microflora also includes fungi and
yeast, both of which are widely distributed in the environment. Many of these organ-
isms have been isolated from different environmental samples, such as soil, marine
and fresh water (Atlas 1991). Aerobic degradation of PHC is the most comprehen-
sive process (Das and Chandran 2011). The oxidative processes of the oxygenase
and peroxidase catalyse the initial step of the peripheral pathways of PHC degrada-
tion. The hydrocarbons are converted into intermediate metabolites, such as those
commonly found in the tricarboxylic acid cycle (TCA), ultimately being assimi-
lated into cell biomass. Figure 27.3 illustrates the main mechanisms involved in the
aerobic degradation of PHC (Fritsche and Hofrichter 2008).
Fig. 27.3 Main pathway of microbial aerobic degradation of PHC
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their rhizosphere play the most important role which is defined as rhizoremedia-
tion. Reports show that many PHC compounds such as diesel and polycyclic
aromatic hydrocarbons (PAH) can be subjected to phytoremediation (Shahsavari
et al. 2013, 2015). However, toxicity associated with most PHC towards the
plants may affect the efficacy of phytoremediation.
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1. Factors Affecting the degradation Process
1. The Presence of Oxygen
The microbial degradation of PHC takes place optimally under aerobic conditions.
In the presence of oxygen, complete degradation of the contaminant may take place
(Das and Chandran 2011). During this process, the organic pollutant is attacked by
activated intracellular oxygenases and peroxidases and transferred into simple
organic substances, such as water, carbon dioxide as well as biomass (Das and
Chandran 2011). Degradation may also take place under anaerobic conditions but at
a much slower rate in comparison to aerobic conditions (Wentzel et al. 2007). In
many cases when large quantities of oil are introduced into the environment, the
consumption rate of the oxygen increases which creates anaerobic conditions. In
such conditions, other electron receptors will be used by the microorganisms as a
source of energy, such as sulphate, iron or nitrate, which will produce much less
energy than using oxygen as electron receptor, thus slowing the rate of degradation
of the contaminant (Thapa et al. 2012). The degradation of PHC may reach 90%
under aerobic conditions, whereas the degradation may not exceed 25% under
anaerobic conditions (Grishchenkov et al. 2000).
2. Nutrient Concentration
Nutrients are required for the biodegradation of PHC (Coulon et al. 2005). The vast
majority of microorganisms require carbon (C) as the essential nutrient for their
metabolism. However, many other micronutrients, such as nitrogen (N) and phospho-
rus (P), are also required to optimize the microorganisms’ growth. The hydrocarbon-
degrading microorganisms require all these elements, and the optimal nutrient molar
ratio for C:N:P for most microorganisms is 100:10:1 (Straube et al. 2003). The avail-
ability of limited concentration of nutrients leads to low microbial degradation rates.
Also, excessive levels of nutrients, such as nitrogen and phosphate, might reduce the
PHC degradation rate (Chaillan et al. 2006). In addition, any alteration in the natural
balance of the nutrients in the environment might lead to changes in the microflora
natural communities and the ecological relationship between them (Hays et al. 2015).
3. Microbial Diversity
In a naturally balanced ecosystem, microorganisms produce a variety of substances
(e.g. enzymes) which are essential for their metabolism and proliferation. The syn-
ergic relationship among different microbial communities helps them to adapt and
modify the changes in their environment thus creating ideal conditions for increased
growth (Sabra et al. 2010). Although some species have adopted a variety of mecha-
nisms for breaking down contaminants entering their environment, single microor-
ganisms are only able to metabolize a small range of hydrocarbons. Therefore, other
microorganisms in the same ecosystem offer symbiotic relationships by producing
L. S. Khudur et al.
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molecules aiding the pollutant degraders. For example, secreted surfactants (e.g.
rhamnolipids) increase the bioavailability of hydrocarbon to hydrocarbon degraders
(Gkorezis et al. 2016).
27.4.1.4 Temperature
Temperature is the most crucial environmental factor influencing the degradation rate
of PHC. The role of temperature is very important since it directly affects the bioavail-
ability of hydrocarbons during the biodegradation by changing their viscosity, volatil-
ization and diffusion rates (Coulon et al. 2007). In addition, the diversity of microbial
communities is also influenced by temperature; generally the greatest diversity is
detected between 30 and 50 °C. In addition, elevated temperatures influence the activ-
ity of bacterial enzymes involved in PHC degradation (Abed et al. 2015b).
27.5 Approaches to Evaluating Bioremediation Efficiency
Many parameters should be assessed during any bioremediation process in order to
evaluate the efficacy of the treatment. Different techniques can be used for this pur-
pose which can be based on chemical, physical and/or biological indices of the
treatments (Fig. 27.4).
27.5.1 Physiochemical Approaches
27.5.1.1 Gas Chromatography-Flame Ionization Detection (GC-FID)
The principles of GC technology have been extensively reported (Sherma and
Zweig 1972). In this approach the PHC are extracted using solvents (e.g. hexane,
dichloromethane or acetone) and absorbents (e.g. alumina or silica gel) (Wang and
Fingas 1995). When the extracted samples are injected into the chromatographic
column, the column temperature increases gradually, and separation of PHC com-
ponents takes place based on their boiling points. The flame at the end of the column
burns the separated components which can be detected, and the concentration of
each component is calculated in relation to the reference PHC standards provided
(Sherma and Zweig 1972; Okparanma and Mouazen 2013).
GC-FID has a detection limit of 10 mg/kg for PHC in the soil; however, this
depends on the sample matrix and protocol used. Furthermore, GC-FID has the
advantage of providing high sensitivity and selectivity, and it can detect and measure
the n-alkane fraction of the PHC range C10–C40, as well as PAH. This technique has
been extensively used in laboratory applications for the screening of environmental
samples including qualitative and quantitative studies (Wang and Fingas 2003).
However, this approach has many challenges, including high operational time and
16
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Fig. 27.4 Techniques used to evaluate the bioremediation of PHC. (1) Terminal-restriction frag-
ment length polymorphism, (2) automated ribosomal intragenic spacer analysis, (3) single-strand
conformation polymorphism, (4) denaturant gradient gel electrophoresis/temperature gradient gel
electrophoresis, (5) next-generation sequencing, (6) gas chromatography-flame ionization detection,
(7) gas chromatography-mass spectrometry (GC-MS), (8) infrared spectroscopy
cost (Aske et al. 2001), difficulties in the calibration of the GC instrument (Krupcík
et al. 2004), and the effect of the instrument operation conditions (Saari et al. 2010).
27.5.1.2 Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS has been used for many years, and it is the most common analytical tech-
nique for measuring PHC in contaminated samples (Poster et al. 2006). GC-MS has
shown a versatility in evaluating a variety of environmental samples, including
PHC, and it provides specific mass spectra and retention time for each component
in a sample mixture (Thornton et al. 2011); this technique is therefore known as a
universal detector. Similar to GC-FID, GC-MS had a detection limit of 10 mg/kg;
however, FID has shown higher sensitivity than MS. Different fractions of PHC,
including Total Petroleum Hydrocarbons (TPH) and PAH, are measured using this
technique (Poster et al. 2006). Many techniques are involved in the application of
GC-MS, such as the conventional technique (one dimensional) and the comprehen-
sive technique (two dimensional). In addition, gas chromatography/gas
chromatography-mass spectrometry (GC/GC-MS) is usually applied using the two-
dimensional technique to increase the separation of the components of any mixture
(Thornton et al. 2011).
L. S. Khudur et al.
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Although GC-MS is a widespread technique for assessing PHC in many environ-
mental samples, many drawbacks have been associated with its applications. High
laboratory analytical costs and labour-intensive and time-consuming extraction pro-
tocols make this approach uneconomical for commercial applications, especially
when large-scale environmental contamination is studied (Peterson et al. 2002).
Furthermore, only a few organic solvents can be used for GC-MS sample extraction
as these solvents need to be stable thermally. They should also have minimal risk to
the analyst’s health (Chuang et al. 2003).
3. Infrared Spectroscopy (IR)
This technique uses the energy associated with molecule vibration spectra which
can be absorbed in the infrared region. The overtones or combinations of the carbon-
hydrogen saturated groups in the hydrocarbon molecules produce electromagnetic
spectra, which can be detected by an IR-based device (Aske et al. 2001).
IR-based techniques are routinely used in detecting and measuring petroleum
hydrocarbons, especially TPH. These techniques have the advantage of being sim-
ple, safe and inexpensive and have low detection limits for PHC (about 10 mg/kg)
(Lambert et al. 2001); also because they have global recognition, they have been
used frequently before the advent of gas chromatography-based approaches (Current
and Tilotta 1997). However, the IR-based approach has some limitations, such as
insensitivity to the aromatic fraction of the hydrocarbons. In addition, the hydrocar-
bon standards used to pre-calibrate any device do not represent the environmental
contaminant and the weathered hydrocarbons (Whittaker et al. 1995).
Recently, accurate prediction of the TPH concentration using a portable hand-
held spectroscopy device was reported (Webster et al. 2016). This instrument, which
uses “diffuse reflectance (mid)infrared Fourier transform spectroscopy (DRIFTS)”
(Forrester et al. 2013), was tested on different types of contaminated soils, on a
variety range of TPH concentrations (C6–C40) and in the field as well as laboratory
conditions. This technology provides an accurate, time and cost-effective measure-
ments of TPH in the contaminated soil samples and can detect TPH concentration
range of 50–100,000 mg/kg in soil (Webster et al. 2016).
4. Fluorescence Spectroscopy
This technique is based on measuring the radiation emitted from PHC molecules dur-
ing the relaxation time after they have been exposed to short wavelength radiation
which causes molecule excitation. Each molecule type emits radiation at a certain
wavelength, and the amount of emitted energy correlates with the concentration of
PHC molecules in the samples (Aldstadt et al. 2002). Fluorescence spectroscopy
employs two different types of light sources. Firstly, “ultraviolet-induced fluorescence
(UVIF)” uses ultraviolet (UV) light as a source of energy (Greason 2009), whereas the
other type uses the pulsed laser for energy production, “laser-induced fluorescence
(LIF)” (Bujewski and Rutherford 1997). This technique has been used in fieldstudies
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6. Culture-Dependent Techniques
1. Microbial Isolation and Enumeration
The initial isolation and count of the total microbial communities and the hydrocar-
bon degraders provide crucial information about the biological profile of the contami-
nated soil. The standard serial dilution and direct plate counting are standard
techniques for determining the bacterial population in any sample, which can be pre-
sented as colony-forming unit (CFU) (Balba et al. 1998). Many enrichment and
selective culturing media are used in order to grow different microbial species and
therefore calculate the number of culturable microorganism in samples. The most
commonly used media is nutrient growth media; however, many other media are used
for this purpose (Table 27.2) (Schlegel and Zaborosch 1993). For culturing hydrocar-
bon-degrading microorganisms, selective media are used which are enriched with a
single or mixed source of hydrocarbons as the only source of energy, for example,
Bushnell Haas mineral salt medium (BHMSM) (Bushnell and Haas 1941). Non-
culturable microorganisms represent the biggest limitation to the isolation and enu-
meration technique because these organisms cannot be cultured (Balba et al. 1998).
2. Biolog™ Plates
Biolog™ plates were developed by the Biolog Corporation in the late 1980s to be
used for determining the metabolic activity of single microorganism in contami-
nated environmental samples. The MT2 MicroPlate™, which consists of 96 wells,
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to assess TPH and PAH in contaminated soil with detection limits of approximately 3  
and 1 mg/kg for THP and PAH, respectively (Greason 2009).
The inaccuracy of this application in assessing complex samples, due to overlap-
ping spectra of various sample components, is one of its disadvantages. In addition,
it has high sensitivity to other non-hydrocarbon substances in the sample as well as
the sample (soil) matrix (Barnes 2009).
27.5.1.5 Biological Approaches
The investigation on the microbial communities in any contaminated sample is an
essential process in order to understand the potential of the microorganisms involved
in the bioremediation process. To evaluate the role of hydrocarbon degraders in any
contaminated environment, many factors should be studied, such as growth rate,
nutrition, proliferation, respiration and the shifts in the microbial communities
(Kadali et al. 2012).
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27.7 Culture-Independent Techniques
27.7.1 Enzyme Activity
Evaluating the activity of key microbial enzymes is a commonly used indicator in
assessing the biodegradation of PHC. Dehydrogenase enzymes, which are respon-
sible for the oxidation of organic matter present in the majority of soil microorgan-
isms, are widely regarded as an estimate of the oxidation potential of microbial
Medium Type
Nutrient agar/broth (NA/NB) (LO et al. 2014) Enrichment medium for a wide range of  
microorganisms
Bushnell Haas mineral salt medium (BHMSM)  
(Guru et al. 2013)
Selective medium for hydrocarbon
degraders
Dextrose media (Gil et al. 2009) Enrichment medium for a wide range of  
microorganisms
Dextrose nitrate agar (DNA) (Gil et al. 2009) Enrichment medium for a wide range of  
microorganisms
Marine agar/broth (LO et al. 2014) Selective medium for marine  
microorganisms
Luria-Bertani medium (LB) (Escobar-Niño et
al.  2014)
Enrichment medium for a wide range of  
microorganisms
Fig. 27.5 The Biolog test
is usually used for assessing the microbial activity in hydrocarbon-contaminated
soil because utilization tests for 31 carbon sources can be performed at the same
time (Hill et al. 2000). After adding the microbial sample and the source of carbon
into each well, the metabolic potential is assessed based on the purple colour gener-
ated due to the presence of tetrazolium violet redox dye in the wells. The aerobic
growth rate of the microorganism correlates with the intensity of the produced
colour (Fig. 27.5). However, insufficient cell intensity may affect the tetrazolium
violet redox dye; therefore, no noticeable results are shown (Widmer et al. 2001).
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Table 27.2 Media used in cultivation and isolation of microorganism from environmental samples
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Fig. 27.6 The dehydrogenase enzyme activity test
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communities. Therefore, these enzymes can be used in an assay to assess the inhibi-
tory impact of PHC on the microbial oxidation activity of contaminated soil
(Gianfreda et al. 2005). The colorimetric-based enzyme assay uses 2,3,5-triphenyl
tetrazolium chloride (TTC), which acts as an electron acceptor, and represents the
most commonly used technique. Microbial dehydration activity catalyses TTC and
forms triphenyl formazan which is a red colour compound. The colour intensity,
which can be measured at 485 nm, correlates with the dehydrogenation activity in
the soil (Fig. 27.6) (Page et al. 1982). Other enzyme activities can also be used for
this purpose, such as acylphosphatase, which is responsible for the mineralization
of organic phosphorus (Baran et al. 2004).
Enzyme assays have some limitations. Microbial enzymatic activities do not nec-
essarily represent the viable microbial communities because it depends on the
metabolism of the total microbial communities in the contaminated samples. In
addition, the presence of some elements, such as iron, nitrite and nitrate, in the soil
impacts the dehydrogenase activity due to their electron reception ability (Gianfreda
et al. 2005).
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27.7.2 Soil Respiration Tests
The complete mineralization of PHC in aerobic conditions results in the consumption
of oxygen and the production of CO2. Measuring the consumed and/or the produced
gases provides reliable information regarding the potential biodegradation rate of
PHC in the soil because these measurements correlate with microbial metabolic rate
(Aspray et al. 2008). The most commonly used technique to measure the consump-
tion and/or production of gases is the “simple respirometric-flask” technique; how-
ever, more advanced, automated instruments can also be used (Balba et al. 1998).
A standard respiration test commonly used is measuring CO2 production because
it represents the biodegradation of the contaminant, is easy to perform and is non-
destructive.
On the other hand, for soils with pH greater than 7, biodegradation assessments
measuring O2 utilization have been shown to be more accurate than assessments
measuring CO2 production as under alkaline conditions, CO2 is converted to carbon-
ate (Hinchee and Ong 1992). Other types of respiration tests can also be used to
evaluate the utilization of the carbon source within the contaminated soil. For exam-
ple, basal respiration is a technique used to evaluate the ability of soil microorgan-
isms to utilize organic carbon in the soil. Also, substrate-induced respiration (SIR)
is another technique which can be performed to assess the ability of a certain micro-
bial group to utilize a specific carbon source in the soil (Torstensson 1996). However,
the produced CO2 may not result from the tested contaminants only. The addition of
any degradable organic matter to the soil could enhance CO2 production due to the
microbial degradation of these matters (Kim et al. 2005). In addition, the respiration
rate differs according to the fraction and concentration of the PHC in the soil
(Dawson et al. 2007).
27.7.3 Biomarkers
Biomarkers can be used as indicators to evaluate the biodegradation of PHC. These  
biomarkers can be internal petroleum indicators or microbial cellular indicators.
27.7.3.1 Internal Petroleum Biomarkers
Many PHC branched-alkane compounds can be used as internal petroleum indica-
tors, such as hopane, pristine, octadecane and phytane. The use of such biomarkers
is based on the fact that the degradation rate of the straight-chained alkanes is much
faster than that of branched alkanes. Therefore, after any bioremediation process of
a hydrocarbon-contaminated soil, the ratio of certain biomarkers to other compo-
nents reflects the biodegradation activity in the PHC complex mixture (Wang et al.
1994).
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27.7.3.2 Cellular Biomarkers
Many intracellular molecules of microbial cells are used as biomarkers. In environ-
mental samples, many parameters can be assessed including microbial community
composition, microbial biomass, the function of single microorganism in the com-
munity and the microbial response to toxicants and environmental stresses (Hill et
al. 2000; Uhlík et al. 2009).
Phospholipids fatty acids (PLFAs), which can be found in the cell’s cytoplasmic
membrane, represent one example of intracellular biomarkers. The rapid decompo-
sition of PLFAs after cell death and their proportional presence in the cells make
them a reliable indicator of viable cells in the contaminated environment.
Additionally, the composition of PLFAs can be changed by the organism as a
response to any xenobiotic exposure, such as PHC and heavy metals. All these char-
acteristics of PLFAs are employed as biomarkers to evaluate the structure and status
of the microbial community in contaminated samples (Malik et al. 2008). However,
this technique relies on the PLFA structure of the whole microbial community;
therefore, inaccurate estimations might result using this method, especially after
exposure to contaminants, which differently impacts the PLFA structure (Hill et al.
2000).
Another example of cellular biomarkers is stable isotope probing (SIP). In this
technique, substrates labelled with stable isotope are incorporated into intracellular
biomarkers especially DNA or rRNA, which are the most informative biomarkers
(Uhlík et al. 2009). The use of whole microorganism genomes gives SIP the advan-
tages of being a very informative technique in relation to metabolic activities of a
single organism. This method mainly depends on the primary extraction, purifica-
tion and labelling of the organism’s nucleic acids, which increase its sensitivity
(Malik et al. 2008).
27.7.4 Ecotoxicity Tests
Traditional chemical analyses are the usual way to evaluate the degradation of pol-
lutant in contaminated sites. However, the concentration of contaminants does not
necessarily reflect the associated toxicity due to a variety of reasons. Therefore,
integration between concentration measurements of PHC, ecotoxicological assess-
ment and the evaluation of the microbial community is required, though seldom
carried out to evaluate the efficiency of the approach used to treat the contaminated
area and the environmental outcomes in terms of its effects on ecosystems (Khudur
et al. 2015). The key indicators of the risk posed by chemicals to human health and
other organisms in the environment are related to the bioavailability of the contami-
nant, which can be defined as the difference between the amount of the contaminant
to which an organism is exposed and the actual dose of the substance the organism
receives (Hartemink et al. 2008).
L. S. Khudur et al.
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27.8 Molecular-Based Techniques
In molecular-based techniques, the whole or part of nucleic acids (DNA and RNA)
of organisms are used. These techniques provide information regarding the diversity
and the changes in the microbial communities in contaminated samples, allowing
assessment of the hydrocarbon degradation potential of these communities (Zhang
et al. 2010). Polymerase chain reaction techniques (PCRs) are used to amplify the
extracted genetic materials. The most widely applicable technique of PCR is the
amplification of 16S rRNA and related genes prior to studies of the structure of
microbial communities (Malik et al. 2008). During PCR, the nucleic acid template
is denatured by heat, and then the desired oligonucleotide primers are annealed to a
single-stranded nucleic acid which is finally extended using thermally stable poly-
merases. These two steps are crucial since the quality of any downstream process
depends on the amount and purity of the extracted and amplified genetic material
which is used as a template for microbial characterization (Malik et al. 2008).
Many molecular-based techniques have been used to assess microbial communi-
ties in contaminated environmental samples and also to evaluate the efficacy of the
bioremediation process (Table 27.3).
In addition to the techniques illustrated in Table 27.3, the most current technolo-
gies used in studying microbial communities include real-time or quantitative PCR
(qPCR) and next-generation sequencing (NGS). These technologies provide com-
prehensive qualitative and quantitative data regarding the microbial communities’
structure in hydrocarbon-contaminated samples in a relatively short period of time
and low cost.
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Acute toxicity test is the most commonly used approach for evaluating the toxic-
ity of PHC-contaminated samples; however, chronic or sublethal tests are also used
but less common (Hubalek et al. 2007). Inhibition of natural bacterial biolumines-
cence, which is known as the Microtox test, has been developed as a cost-effective,
easy prescreening test, which is based on measuring the inhibition in light emitted
by the marine bacterial species, Vibrio fischeri (Kamlet et al. 1986).
The earthworm acute toxicity test is another universal ecotoxicological test used
worldwide to examine the toxicity of a pollutant in contaminated soil (Mooney et al.
2013).The earthworms readily come into contact with the PHC in the soil during
their movement. The uptake of the contaminant fractions which are environmentally
bioavailable occurs either via dermal absorption, ingestion or both (Lanno et al.
2004).
A new approach, termed microbial ecotoxicology, has recently been introduced
into ecotoxicity assessment of contaminants on the biota. This approach aims to
accurately investigate the ecotoxicity effects of environmental contaminants on the
entire community. This can be achieved by employing a variety of approaches
together such as analytics, enzymatic, molecular and toxicity (Shahsavari et al.
2017).
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Technique Purpose Principles limitations
Terminal-restriction 
fragment length  
polymorphism  
(TRFLP)
Provides  
quantitative data  
about the structure 
of microbial  
communities in  
environmental  
samples
Relies on the combination 
of the restriction digests  
of the isolates and  
fluorescently labelled  
primers (Dickie and  
FitzJohn 2007)
Expensive, labour  
intensive and requires  
long run time (Rastogi 
and Sani 2011)
Automated 
ribosomal  
intragenic spacer  
analysis (ARISA)
Estimation of the  
richness of  
microbial species in 
a diverse  
community
The differences in the  
length of DNA fragments 
which are separated by  
capillary electrophoresis  
(Kovacs et al. 2010)
Limited data obtained  
on phylum level  
because fragments  
between 200 and 1150  
base pair can only be  
detected (Gobet et al.  
2014)
Single-strand  
conformation  
polymorphism 
(SSCP)
Provides  
information about 
the complexity of  
the microbial  
communities
The separation of  
amplified DNA fractions 
with different nucleotide  
sequence but similar  
length (Schwieger and  
Tebbe 1998)
The accuracy of the  
results depends on the  
used instrument and the  
operator’s experience  
(Malik et al. 2008)
Denaturant gradient 
gel electrophoresis  
(DGGE)/
temperature
gradient gel  
electrophoresis  
(TGGE)
Assessment of the 
structure and the  
changes in the  
microbial  
communities in  
contaminated  
environmental  
samples
The amplified double-
stranded nucleic acid  
fragments with various  
melting points are  
separated from each other  
when they passed through 
a thin layer of acrylamide  
gel (Muyzer 1999)
The inability to identify  
the phylogenetic of  
some communities due  
to the limited size of  
the amplified nucleic  
acid fragment limited  
to 500 base pair (Malik  
et al. 2008)
The Sanger 
sequencing
Profiling and  
phylogenies of  
microbial  
communities in the 
environment based 
on 16S rRNA
Complementary DNA  
strand is synthesizedusing 
DNA polymerase which is 
fluorescently labelled, so  
the four DNA bases can  
be differentiated (Lakshmi 
2010)
Individual samples can  
be sequenced, so it is  
inadequate technique to  
assess a heterogonous  
environmental sample  
(Shokralla et al. 2012)
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27.8.1 Real-Time Polymerase Chain Reaction (qPCR)
Quantitative PCR or real-time PCR (qPCR) is a tool to provide real-time quantita-
tive data regarding a specific gene or a certain sequence of nucleic acid. This tech-
nique relies on detecting the fluorescent-labelled PCR products and measuring them
in real time during the PCR thermal cycle (Shahsavari et al. 2016). In the last decade,
qPCR has been intensively used in the bioremediation of PHC to investigate genes
of interest or the abundance of a functional microbial community which indicates
the biodegradation potential of a microbial community (Schulz et al. 2010). For
example, bacterial alkB gene, which encodes for an oxygenase enzyme involved in
Table 27.3 The most common molecular techniques used to evaluate the microbial communities 
in hydrocarbon-contaminated environmental samples
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27.8.2 Next-Generation Sequencing (NGS)
NGS is considered as a revolutionary change in sequencing technologies. Using
NGS for the assessment of contaminated environmental samples (also known as
metagenomics) addresses the issue of non-culturable microorganisms and also pro-
vides a vast amount of data compared to other techniques (Mukherjee and
Chattopadhyay 2017). NGS provides comprehensive data regarding the structure
and diversity of microbial communities, the potential roles of organisms within the
community and also the interaction between the individuals in their communities
(Mukherjee and Chattopadhyay 2017). The introduction of NGS to research on the
bioremediation of PHC has dramatically improved our knowledge in relation to
microbial communities, especially the taxonomic classification of different organ-
isms including bacteria, fungi, algae, archaea and protozoa (Hivrale et al. 2015).
Many innovations have been introduced to NGS technologies over the last decade.
For example, a dramatic reduction in cost and running time has been achieved using
pyrosequencing through the introduction of Illumina MiSeq (Loman et al. 2012).
For all the reasons above, NGS has become the most convenient technology in the
field of environmental biotechnology in general and bioremediation in particular.
The role of NGS in improving the bioremediation technology of hydrocarbon-
contaminated environment has been reported in many different scenarios. The
importance of specific unculturable microbial groups was identified during a biore-
mediation process of a marine oil spill, which involved improving the effectiveness
of marine bioremediation (Techtmann and Hazen 2016). Also, the changes in the
diversity of soil indigenous microbes were studied during a crude oil spill in a ter-
restrial environment. In this study, a number of dominant, unculturable hydrocarbon
degraders were successfully identified using NGS (Abbasian et al. 2016). In a dif-
ferent study, NGS has been employed to evaluate the effects of environmental fac-
tors, such as temperature and salinity, on the microbial diversity in a PHC-
contaminated desert soil (Abed et al. 2015a).
27.9 Mixed Contamination
One of the recent and serious challenges impacting the effectiveness of bioremedia-
tion of PHC-contaminated environments is mixed contamination. In addition to the
known factors that limit the biodegradation of PHC, the presence of other contami-
nants alongside PHC causes severe complication during the bioremediation
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the aerobic degradation of an alkane, is a major indicator of the biodegradation
potential of soil microbial communities. Therefore, the quantification of the alkB
gene in comparison to the total microbial population in any contaminated environ-
ment is a crucial procedure before planning any bioremediation strategy.
26
27.10 Gaps and Limitations
Bioremediation processes are preferred over others because they are more economi-
cal and they usually have better public acceptance. However, there are some limita-
tions that should be taken into account. These limitations have been listed in several
reviews (Boopathy 2000; Dua et al. 2002), and here we discuss them further.
Boopathy (2000) has grouped the factors that affect bioremediation, whether 
they are scientific (Table 27.4), non-scientific and even regulatory.
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process. Heavy metals are among these co-contaminants; their toxicity often causes
inhibition of microbial degradation of PHCs (Thavamani et al. 2012a, b). In addi-
tion, pesticides, herbicides and chlorinated solvents are other examples of co-
contaminants. The bioremediation of PHC-co-contaminated soils is a complicated
process because of the differences in the remediation strategies for each group of
contaminants (Sandrin and Maier 2003). Therefore, to achieve a comprehensive
bioremediation strategy to treat a mixed contamination, intensive studies are
required to investigate the microbial communities, their interactions and the roles of
each organism in the community. Furthermore, the metabolic potential, as well as
the mechanisms of microbial adaptation and resistance to the presence of more than
one contaminant, should be fully investigated (Alisi et al. 2009).
In a balanced ecosystem, the indigenous PHC degraders are present in small
number which increases after the PHC contaminant enters their environment. This
microbe’s proliferation could be inhibited by the presence of co-contaminants.
Therefore, to achieve an effective bioremediation technique, many strategies can be
applied in order to activate and/or accelerate the degradation potentials (Thavamani
et al. 2012a, b). Biostimulation represents one such strategy which takes place by
shifting the physiochemical characteristics of the contaminated environment includ-
ing nutrient concentration, electron acceptors/donors, pH and temperature. This
strategy was applied to bioremediate contaminated soil with PAH and cadmium
(Cd) (Thavamani et al. 2012b). Bioaugmentation also provides a significant
enhancement to bioremediate mixed contaminated environments by increasing the
number of contaminant degraders. Soil contaminated with TPH and moderate con-
centrations of Pb, Zn and Cu have been remediated using bioaugmentation (Agnello
et al. 2016). Over the last decade, electrokinetics (EK) or bioelectrokinetics
(BioEK), which is a recent technique that combines bioremediation and electroki-
netic, has been applied to remediate mixed contamination soils with PHC and heavy
metals (Dong et al. 2013). Successful remediation of mixed contaminated soil with
PAH (phenanthrene) and nickel (Ni) was reported using this technique (Reddy et al.
2009). Also, the concentration of TPH in soil co-contaminated with lead (Pb) has
been shown to be reduced by 81.7% and 88.3%, respectively (Dong et al. 2013). EK
or BioEK has the advantages of being simple, safe and cost-effective and can be
applied to a variety of contaminants (Reddy 2010).
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Table 27.4 Technical factors limiting bioremediation of PHC
Factors Limitations
Environmental Lack of nutrients and preferential substrates
Inhibitory environmental conditions
Microbial Enzyme induction
Enrichment of capable populations
Production of toxic metabolites
Horizontal gene transfer
Aerobic/anaerobic processes Oxidation/reduction potential
Electron acceptors availability
In situ microbial community
Growth substrate vs co-metabolism Contaminant type, concentration
Alternate carbon source
Microbial interactions (competition, succession  
predation)
Bioavailability of contaminants Equilibrium sorption
Irreversible sorption
Incorporation into humic matters
Substrate Low concentration of contaminants
Contaminants chemical structure
Toxicity and solubility
Mass transfer Oxygen diffusion and solubility
Diffusion of nutrients
Solubility/miscibility with water
Adapted from Boopathy (2000)
Mass transfer is very important because it controls the rate at which microbial
cells can convert contaminants. Increased microbial conversion capacities do not
guarantee higher biotransformation rates when the mass transfer is a limiting factor
(Boopathy 2000). It also affects the bioavailability of the contaminant, and they
become unavailable in the absence of mass transfer. This may lead to weathering or
aging (a decrease in availability over time).
Apart from the scientific factors, there may be other non-technical obstacles that
must be taken into account. These include the ability to meet time limitations and
favourable regulatory perception and the ability to reach the target among others.
Regulatory factors are very important because they dictate what contaminants must
be cleaned, to what extent and the approaches to be used.
Other factors include liability and human resources. Bioremediation is a rela-
tively innovative and emerging industry; therefore, tighter restrictions are imposed
on it. Furthermore, there is not an abundance of specialized personnel, and success-
ful projects require the involvement of several disciplines such as engineering,
microbiology, hydrogeology, soil science and project management.
Furthermore, some authors have proposed synthetic microbiology (Ramos et al.
2011) or a system biology approach for each bioremediation project. A systems biol-
ogy approach is a research approach that studies the interactions and networks at the
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Chapter One Supplementary Information
Bioremediation of Petroleum Hydrocarbons 
Biostimulation is a process of acceleration the degradation rate of contaminants by the 
soil microflora. Although biostimulation through the addition of nutrients is the most 
widely used approach, aeration can also be used. For example, oxygen can be provided 
to enhance the microbiota activity and therefore, accelerate the degradation rate of 
contaminants (Azubuike et al., 2016).   
Microbial Degradation of PHC and Affecting Factors 
The catabolism of some PHC, especially in distinct higher fungi, requires extracellular 
enzymes in addition to the intracellular enzymes involved in this process. This enzymic 
system, which involves extracellular laccases and ligninolytic peroxidases, enhances the 
Aerobic degradation of PHC (Fritsche and Hofrichter, 2008).  
Factors Affecting the Degradation Process -Temperature 
Temperature is one of the most crucial environmental factor influencing the degradation 
rate of PHC since it directly affects the bioavailability of hydrocarbons during the 
biodegradation by changing their viscosity, volatilization and diffusion rates (Coulon et 
al., 2007). 
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Evaluating Bioremediation Efficiency - Culture-DependentTechniques 
Most Probable Number (MPN), is another Culture-Dependent method used to quantify 
the presence of viable microorganisms in a sample, such as soil and water.  MPN 
methods, including microtitre-plate methods and methods using radiolabelling, have 
been widely used to estimate the concentration of viable microorganisms in 
environmental samples (Rastogi and Sani, 2011).    
Evaluating Bioremediation Efficiency - qPCR 
qPCR is a tool to provide real-time quantitative data regarding a specific gene or a certain 
sequence of nucleic acid (e.g. alkB gene). One of the limitations of the alkB gene is the 
requirement for the use of multiple primers sets due to the high diversity of its sequence 
in different bacterial taxa. This can introduce biases during amplification which may lead 
to discriminatiin for or against any of the known bacterial groups harbouring this gene. 
To overcome this and achieve sensitive and specific detection of the alkB gene,  a PCR 
hybridization method has been described (Pérez-de-Mora et al., 2010). 
Evaluating Bioremediation Efficiency - Molecular-BasedTechniques 
There is a whole book dedicated to the most common molecular techniques used to 
evaluate the microbial communities in hydrocarbon-contaminated environmental 
samples. This book is entitled “Hydrocarbon and Lipid Microbiology Protocols: Microbial 
Quantitation, Community Profiling and Array Approaches”(McGenity, 2017). 
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CHAPTER TWO 
General Methodology 
2.1. Chemicals and reagents 
All chemicals were of analytical grade and were purchased from Sigma-Aldrich Pty Ltd unless 
stated in the text. Strip tubes and caps for running qPCR were purchased from QIAGEN Pty 
Ltd. Diesel fuel was purchased from a local Caltex Fuel station in Melbourne, Australia. The 
mesocosm/greenhouse requirements were locally sourced from Bunning Warehouse in 
Melbourne, Australia. All glassware, tubes, pipettes, buffers and all solutions (where 
applicable) were autoclaved at 121 °C for 15 min (Shahsavari, 2013).  
2.2. Soil sampling and storage 
Contaminated soil samples were collected by Environmental Resources Management (ERM) 
– Western Australia from former diesel power stations in remote areas of Western Australia 
in May 2016. These samples were taken from known areas of aged petroleum contamination 
located in Marble Bar, Western Australia (21.18⁰ S, 119.75⁰ E). Uncontaminated, pastureland 
soil ( about 60 kg) was collected from Victoria, Australia (37°34'36.7"S 145°07'58.2"E), using 
a sterilized shovel and placed in clean plastic buckets (Schinner et al., 2012). All soil samples, 
once collected, were transported to the laboratory of the School of Science in Module I, 
Building 223, RMIT University-Bundoora West campus. Large clumps of the collected 
samples were ground using a pestle and mortar and sieved using a 2 mm sieve. Sub-samples 
were taken for performing specific analysis and the remaining soils were stored at 4⁰C for 
further analysis using 500 mL glass jars provided by Plasdene Glass-Pak Pty Ltd. 
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 2.3. Soil nutrients and texture  
The initial total carbon, total nitrogen and total phosphorus of the soil samples were measured 
by SESL, Melbourne, Australia (Khudur et al., 2015). Soil texture was determined using the 
method previously described (Rayment and Lyons, 2011).   
 
2.4. Soil pH measurement  
Triplicate sub-samples (5 g each) of the collected soil samples were placed into beakers with 
20 mL of MilliQ water and mixed vigorously. The mixture was allowed to stand for 15 min. 
The soil pH was measured using a HANNA HI-5221 pH meter.  
 
2.5. Soil moisture content (%) 
Triplicate sub-samples (50 g each) of the collected soil samples were placed into crucibles of 
known weight, covered and placed in the oven at 80⁰C for 24 h. The crucibles were retrieved 
from the oven and weighed (Rayment and Lyons, 2012). The moisture content percentage 
was calculated after obtaining constant weight 3 consecutive times using the following 
formula: 
% Moisture content = ((W1-W2)/W1) × 100 
Where W1= The wet weight of the soil and W2= The dry weight of the soil 
 
2.6. Soil organic matter (%) 
Soil organic matter (%) was measured by loss on ignition of dry solid material in the muffle 
furnace at 400°C for 12 h. The mass that was lost by the sample was attributed to organic 
material (Mansur, 2015). 
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2.7 Analysis of soil contaminants analysis performed by ALS 
Australian Laboratory Services Pty. Ltd. follows the United States Environmental Protection 
Agency (USEPA) and the American Public Health Association (APHA), as well as local 
country standards in environmental samples analysis. ALS uses Inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) for heavy metals and Gas Chromatography/Mass 
Spectrometry (GC/MS) for TPH  analysis.  
2.8. Soil calibration model for RemScan 
A stock concentration of 100,000 mg kg-1 (v/w) of TPH contaminated soil was prepared by 
spiking 20 g of uncontaminated soil with 2 mL of diesel. The final TPH concentration was 
measured considering the density of the added diesel (0.832 kg/L). Clean soil was added to 
the sub-sample taken from the stock concentration to make up the subsequent dilution 
concentrations as shown in Table 2.1, following the manufacturers instructions. Starting with 
the stock concentration, all dilutions were measured 10 times using RemScan. The scan 
readings were saved in the Personal Digital Assistants (PDA) device and sent to Ziltek 
technical team where the calibration model was built and sent back to be uploaded into 
RemScan (Webster, 2016).  Since the petroleum-contaminated soils were air-dried in the 
laboratory prior to use RemScan, the same scanned samples were sent to Australian 
Laboratory Services (ALS), Melbourne, Australia. 
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Table 2.1. Dilution series used for building soil’s calibration models for RemScan 
Dilution 
 series 
Concentration 
 (mg kg-1) 
Ratio 
Weight 
Spike (g) 
Weight Clean 
soil added (g) 
Total Weight 
(g) 
1 100,000 1 20.00 0 20 
2 75,000 0.75 15.00 5.00 20 
3 50,000 0.67 13.33 6.67 20 
4 25,000 0.50 10.00 10.00 20 
5 12,500 0.50 10.00 10.00 20 
6 6,250 0.50 10.00 10.00 20 
7 3,125 0.50 10.00 10.00 20 
8 1,563 0.50 10.00 10.00 20 
9 1,000 0.64 12.80 7.20 20 
10 781 0.78 15.62 4.38 20 
11 391 0.50 10.01 9.99 20 
12 195 0.50 9.97 10.03 20 
13 98 0.50 10.05 9.95 20 
14 0 0.00 0.00 20.00 20 
2.9. The Mictotox test 
Clean glass cuvettes were placed in wells A1 to C5 of the Microtox Model 500 Analyser (Fig. 
1). A volume of 1.5 mL of the Diluent (2% NaCl) was pipetted into each cuvette in wells A1 to 
A4. A volume of 0.5 mL of the Diluent was pipetted into cuvettes in wells B1 to B5, C1 to C5. 
A volume (0.25 mL) of the Osmotic Adjustment Solution (22% NaCl) was pipetted into the 
cuvette in well A5. The freeze-dried bacterium, Aliivibrio fischeri (formerly named Vibrio 
fischeri) was reconstituted by adding 1 mL of the Reconstitution Solution into the bacterium-
containing vial and mixed several times. Leaving the reconstituted bacteria in the reagent 
well, 20 μL of bacterial-suspension was added to each cuvette in wells B1 to B5, C1 to C5. A 
volume of 2.5 mL of the test sample was added to cuvette A5 and Mixed several times using 
the pipette. A serial dilution was performed by transferring 1.5 mL from the mixture in A5 to 
A4, from A4 to A3 and from A3 to A2.  
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The Microtox analyser was calibrated by placing the cuvette B1 into the “READ” well and 
pressing the “SET” button. The reading of the cuvettes in wells B1 to C5 were recorded by 
placing each cuvette in the “READ” well and pressing the “READ” button. Starting the timer, 
a volume of 0.5 mL was transferred from A1 into B1 and then at 30 s intervals the following 
transfers of 0.5 mL were made: A1 to B1 and C1, A2 to B2 and C2, A3 to B3 and C3, A4 to 
B4 and C4, A5 to B5 and C5. Reading of cuvettes B1 to C5 were recorded again after 5, 10, 
15 min. at 30 s intervals. The EC50 at 5, 10 and 15 min was calculated using the Excel 
spreadsheet provided (ASTM, 2004). 
The material and solutions used in this test including glass cuvettes, Diluent, Osmotic 
Adjustment Solution, Reconstitution Solution and freeze-dried Aliivibrio fischeri were provided 
by Streamline Hydro Pty Ltd.  
Figure 2. 1. Microtox analyser, showing the incubator wells and the read well (Doe et al., 2005). 
42
2.10. Agarose gel electrophoresis 
Tris/Acetic Acid/EDTA (TAE) Buffer (1 x) was prepared from a 50 X TAE buffer which was 
purchased from Bio-Rad Pty., Ltd. Agarose gel (1 % w/v) containing 3 µL/100 mL Sybrsafe 
gel stain was used to detect PCR products of the amplified fragments of the bacterial DNA. 
Agarose gels were run at 80 V for 30 min (Kasties et al., 2006). A HyperLadder™ (1 kb) 
purchased from Bioline (Aust) Pty Ltd. was used for size determination of DNA fragments of 
interest. The presence of DNA amplicons was confirmed using ChemiDoc™ Imaging System 
provided by Bio-Rad Pty., Ltd. 
2.11. Data analysis 
Data analysis including statistics, correlation tests and Principal Component Analysis (PCA) 
was performed using XLSTAT software unless mentioned in the text. The experimental data 
was subject to Analysis of Variance (ANOVA). The separation of mean values was performed 
using the Least Significant Difference (LSD) test. The differences were considered significant 
at (P = 0.05), where the F-value was significant. Data was presented as mean of three 
replicates and the standard deviation (SD) was used and presented where required. FASTQ 
Toolkit and 16S Metagenomics software were used for quality check and reproduce the 
analysis fo NGS data.   
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A B S T R A C T
Total Petroleum Hydrocarbons (TPH) represent major environmental contaminants which pose a signiﬁcant risk
to ecosystems and humans heath if left untreated. Bioremediation represents a simple, cheap and
environmentally-safe approach to clean up TPH-contaminated sites. Traditional TPH analysis is expensive and
time-consuming. Here we assess, for the ﬁrst time, the potential of RemScan as a fast, accurate and cost-effective
portable device to be used as a tool to monitor the bioremediation process. A variety of TPH-contaminated soils
were subject to TPH quantitative analysis using RemScan. The TPH values obtained were validated and compared
against the results obtained from an accredited external laboratory, which uses Gas Chromatography / Mass
Spectrometry (GC/MS) for TPH analysis.
2• RemScan showed a correlation coefﬁcient (R ) of 0.998 in comparison with the traditional methods, but
importantly with a signiﬁcant reduction in both time and cost.
• RemScan was successfully used to measure TPH concentrations in bioremediated, weathered-contaminated
and highly contaminated soil samples with TPH concentrations varying from 100 to 100,000 m g k g - 1 .
• The RemScan Laboratory Station was used to minimize the source of errors associated with human manual
handling.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Environmental Science
Bioremediation o f  hydrocarbon-contaminated soil  
RemScan for monitoring bioremediat ion
WEBSTER, G. T., SORIANO-DISLA, J. M., KIRK, J., JANIK, L. J., FORRESTER, S. T., MCLAUGHLIN, M. J.
& STEWART, R. J. 2016. Rapid prediction of total petroleum hydrocarbons in soil using a hand-
held mid-infrared ﬁeld instrument. Talanta, 160, 410-416.
Method background
This study aimed to validate the RemScan to be used as an accurate, cost-effective and prompt tool
for monitoring the bioremediation of TPH-contaminated soil. To the best of the authors’ knowledge,
the performance of RemScan in determining TPH concentration during a bioremediation process
compared with traditional laboratory analysis has never been reported. The signiﬁcance of this study
is therefore that it represents the ﬁrst to validate the use of the RemScan to evaluate the efﬁcacy of the
bioremediation of a TPH contaminated soil. In this study, a variety of bioremediation treatments were
set up and soil samples were collected at different times over 150 days for quantitative analysis of TPH
concentrations by an accredited laboratory using conventional GC/MS. In addition, we used the
RemScan device to determine the concentration of TPH over a broad concentration range (100 -
100,000 mg kg - 1 ) .
Method details
1 Sample preparation
2 Test soil samples were prepared as shown below:
3 Soil samples (n = 84) were collected from different bioremediation treatments.
4 Contaminated soil samples (n = 16) were collected from hydrocarbon-contaminated sites in 
Australia.
5 Soil samples (n = 5) were spiked in the lab with a relatively high concentration of diesel 
(≈100,000 mg k g - 1 )
6 Soil samples were collected from all treatments using a Simple Random Sampling technique [7], so
the sample represents the entire treatment.
7 About 60 g of each soil sample was air-dried for 24 h at room temperature.
8 Large clumps of the dried soil were ground using a pestle and mortar, sieved using a 2 m m  sieve 
and then mixed thoroughly until fully homogenized.
9 RemScan set up
Fig. 1. (A) RemScan device installed on the Lab Station. (B) RemScan device and the related components.
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Fig. 2.  RemScan versus GC/MS values of TPHs concentrations (n = 105).
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10 The RemScan was installed on the Lab station and locked with the strap provided (Fig. 1.A). The Lab
station is a steel scaffold structure that can hold the RemScan device on the top and has a sample
lift located in the middle. The scaffold is connected to an air pump in order to move the sample left
up and down using the Raise-Lower lever. The use of the Lab station helps to minimise human
errors associated with instability of the operators’ hands.
11 The device was connected to the Personal Digital Assistant (PDA) (Fig. 1.B) by pressing the “START”
button on the PDA device.
12 After waiting around 15 min for the RemScan to warm up, the time and date were corrected on the
PDA device using the digital pen provided.
13 The “Background cap” was placed on the nose-corn and scanned for about 1 min as instructed on
the PDA. Similarly, the “Reference cap” was scanned and then the device was ready to scan the soil 
samples.
14 Scanning the soil samples
15 30 – 50 g of the already prepared soil sample was placed in the “Sample Cup” provided, mixed
thoroughly using a spatula and then tamped using the “Sample tamper” provided until a 
completely ﬂat surface was obtained.
16 The sample-containing cup was placed on the sample lift of the Lab station and raised into position 
using the Raise-Lower lever.
17 The trigger on the RemScan device was pressed and the TPH concentration displayed on the PDA 
after 15–20 s.
18 Each soil sample was scanned ﬁve times with thorough mixing between the scans and the TPH
concentration was recorded after each scan. The average of the ﬁve scans was recorded as the ﬁnal
TPH concentration in (mg k g - 1 ) of dry soil.
Method validation
The scanned soil samples were sent to Australian Laboratory Services Pty Ltd. (ALS), an accredited
external laboratory. ALS uses the UPEPA 5030 and 8260 methods for measuring TPH in soils. TPH
concentration was quantiﬁed against alkane standards C1 0–C4 0 .
To determine the accuracy, the RemScan TPH values were scatter-plotted against the
concentrations obtained from ALS, using Prism – Graphpad 7 software. The correlation coefﬁcient
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(R2) showed that these two methods were 0.998 correlated in measuring the TPH concentration for
the test soil samples (Fig. 2). Furthermore, a similar correlation was acquired using the Pearson
correlation coefﬁcient between the two groups of data. A comparison of the TPH concentration values
measured using both methods for a subset of the test samples (n = 20) is shown in Table 1. Statistical
analysis conﬁrmed that no signiﬁcant differences between the variances (F – test, α ::: 0.05) were
observed.
The total cost of TPH analysis for the test samples by the external laboratory was around AU$ 40 per
sample. In contrast, the cost associated with measuring TPH concentration using RemScan was AU$ 5
per sample.
Furthermore, the time required by the external laboratory for the TPH analysis results to be
reported was about 5 working days for a dozen samples. The same number of samples needed only 2 h
for the TPH concentrations to be measured (10 min/sample).
Additional information
Petroleum hydrocarbons have become one of the most worldwide-spread contaminants as a
result of global use, transportation and storage of oil [1]. Total Petroleum Hydrocarbons (TPH) are
the major component of crude oil. TPH comprise a mixture of chemicals composed largely of carbon
and hydrogen and consist of a major group of short and long-chain aliphatic hydrocarbons and a
minor group of aromatic compounds. Exposure to TPH may cause permanent damage to the central
nervous system; in addition, many compounds associated with petrogenic contamination are
carcinogenic [2].
Bioremediation represents a simple, environmentally safe and cost-effective technique to
remediate hydrocarbon-contaminated soil [3]. The bioremediation treatment, however, can represent
a relatively long process (months to years) and requires regular monitoring of the TPH concentration
to evaluate the efﬁcacy of the treatment. Traditional laboratory techniques, such as Gas
Chromatography/Mass Spectrometry (GC/MS) and Gas Chromatography/Flame Ionization Detector
(GC/FID) are commonly used methods for measuring TPH concentration. However, these techniques
are labour-intensive, expensive and time-consuming [4]. In addition, many of the solvents used for
hydrocarbon extraction may pose both environmental and human risks [5].
Sample ID RemScan TPH values (mg/kg -1) GC/MS TPH values (mg/kg -1)
HP 1 150 160
HP 2 560 660
HP 3 770 800
HP 4 850 860
HP 5 890 800
RB 1 8700 9280
BR 2 9920 10700
RB 3 11,380 10,700
BR 4 12,520 13,100
RB 5 15,620 16,000
BR 6 20,100 20,900
RB 7 21,880 22,100
BR 8 22,080 22,700
RB 9 22,900 23,900
BR 10 23,040 23,400
HC 1 82,340 81,000
HC 2 84,200 83,200
HC 3 86,000 86,400
HC 4 89,460 88,800
HC 5 97,560 96,500
708 L.S. Khudur, A.S. Ball / MethodsX 5  (2018) 705–709
Table 1
TPH concentrations analysed using RemScan and GC/MS for a subset of the test soil samples (n = 20).
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Recently, a quantitative analysis of TPH in contaminated soils was performed using RemScan
T M
, a
new portable device marketed by Ziltek Pty Ltd. [6]. RemScan uses a diffuse reﬂectance (mid)-infrared
Fourier transform (DRIFT) spectrometer and has the advantages of speed and low cost and yet
represents an accurate way of estimating TPH concentration.
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The bioremediation of historic industrial contaminated sites is a complex process. Co-contamination,
often with lead which was commonly added to gasoline until 16 years ago is one of the biggest chal-
lenges affecting the clean-up of these sites. In this study, the effect of heavy metals, as co-contaminant,
together with total petroleum hydrocarbons (TPH) is reported, in terms of remaining soil toxicity and the
structure of the microbial communities. Contaminated soil samples from a relatively hot and dry climate
in Western Australia were collected (n¼ 27). Analysis of soils showed the presence of both contaminants,
TPHs and heavy metals. The Microtox test conﬁrmed that their co-presence elevated the remaining
ecotoxicity. Toxicity was correlated with the presence of lead, zinc and TPH (0.893, 0.599 and 0.488),
respectively, assessed using Pearson Correlation coefﬁcient factor. Next Generation Sequencing of soil
bacterial 16S rRNA, revealed a lack of dominate genera; however, despite the variation in soil type, a few
genera including Azospirillum spp. and Conexibacterwere present in most soil samples (85% and 82% of all
soils, respectively). Likewise, many genera of hydrocarbon-degrading bacteria were identiﬁed in all soil
samples. Streptomyces spp. was presented in 93% of the samples with abundance between 7% and 40%. In
contrast, Acinetobacter spp. was found in only one sample but was a dominant member of (45%) of the
microbial community. In addition, some bacterial genera were correlated to the presence of the heavy
metals, such as Geodermatophilus spp., Rhodovibrio spp. and Rubrobacter spp. which were correlated with
copper, lead and zinc, respectively. This study concludes that TPH and heavy metal co-contamination
signiﬁcantly elevated the associated toxicity. This is an important consideration when carrying out risk
assessment associated with natural attenuation. This study also improves knowledge about the dynamics
of microbial communities in mixed contamination scenarios.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Globally, historic industrial sites contaminated with petroleum
hydrocarbons represent a signiﬁcant challenge as they pose serious
risks to natural ecosystems and human health if left untreated. The
68th United Nations General Assembly declared the year 2015 as
the International Year of Soil (Kostarelos et al., 2015), recognising
the need and importance of soil remediation. The demand for re-e by Dr. Yong Sik Ok.
hudur).
54using former industrial sites is driven globally by increased ur-
banisation, and as a result, many environmental agencies have
prioritised the remediation of such sites. In Australia, around
160,000 sites are estimated to be contaminated (Naidu, 2013);
petroleum hydrocarbons represent the most common contaminant
with metals, solvents, herbicides and pesticides making up the
remainder of the contaminants (CSRIO, 2016). Many of these sites
have been exposed to extreme weather conditions including high
temperature and low rainfall. Remediation of aged, weathered
hydrocarbons-contaminated industrial sites can be challenging due
to many environmental and technical issues as well as the
complexity of the remaining petroleum hydrocarbons (Haleyur
et al., 2018).
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chemicals which consist largely of carbon and hydrogen and
comprise a mixture of short and long-chain aliphatic hydrocarbons
(e.g. n-hexane and mineral oil, respectively) and a minor group of
aromatic compounds (e.g. benzene). Crude oil is the main source of
TPH and the concentration of each compound varies depending on
the source (ATSDR, 1999). TPH enter the environment due to
transportation, oil spills and leaks, industrial activities and private
use. They move through the soil and while some compounds reach
the groundwater, others attach to the soil particles (Maletic et al.,
2011). It is known that exposure to TPH may cause permanent
damage to the central nervous system; in addition, many com-
pounds associated with petrogenic contamination are carcinogenic
(ATSDR, 1999).
The ﬁrst step of removing TPH from the environment is per-
formed naturally by the indigenous microorganisms, a process
termed natural attenuation. The ability of soil's indigenous micro-
bial population to degrade TPHs offer a natural bioremediation
approach with many advantages over traditional techniques. Nat-
ural attenuation is proven to be an effective, economical and
environmentally safe strategy to breakdown TPHs in ﬁeld-
contaminated soil (Guarino, Spada, and Sciarrillo, 2017). However,
many factors affect the biodegradation rate of the contaminant; for
example, pH, temperature and moisture content (Wu et al., 2017).
In addition, the dynamics of the microbial communities and the
changes occurring following contamination are among the most
important factors since they underpin any natural degradation
process (Das and Chandran, 2011). Understanding these changes is
a crucial step to improving the modelling of the natural attenuation
strategy. In this regard, the application of next-generation
sequencing (NGS) or metagenomics provides comprehensive data
regarding the structure and diversity of microbial communities, the
potential roles of organisms within the community and also the
interaction between the individuals in their communities
(Mukherjee and Chattopadhyay, 2017). The introduction of NGS to
study hydrocarbon-contaminated environments has dramatically
improved our knowledge in relation to microbial communities,
especially the taxonomic classiﬁcation of different organisms
involved in the degradation of the contaminant, including bacteria,
fungi, algae, archaea and protozoa (Hivrale et al., 2015).
Many enzymes have been associated with the degradation of
petrogenic hydrocarbons including alkane hydroxylase, alkB,
dioxygenases and methane monooxygenases (Maeng et al., 1996;
van Beilen and Funhoff, 2007). Among all the known alkane-
degrading enzymes, alkB-type enzymes represent the most
widely involved in the microbial oil-degradation process (Guibert
et al., 2016). As alkanes are major components of crude oil, the
alkB gene is often used as an indicator to assess the hydrocarbons-
degradation potential of the microbial communities in petroleum
contaminated sites (Paisse et al., 2011).
One serious challenge impacting the remediation of TPH-
contaminated environments is mixed contamination (Thavamani,
Megharaj, and Naidu, 2012). The presence of heavy metals, espe-
cially lead (Pb), as co-contaminants alongside TPH causes severe
complications during the microbial degradation process of TPH
breakdown due to their direct interaction with the enzymes
(Olaniran, Balgobind, and Pillay, 2013). It is assumed that Pb would
be present as co-contaminant in most of the historic TPH-
contaminated sites in Australia since it was commonly added to
the fuel prior to 2002. Although essential metals (e.g. Zn) have a
crucial role in microbial life, non-essential metals (e.g. Pb) are toxic
to microorganisms as they displace the essential metals from their
binding site due to their higher afﬁnities for oxygen sites and thiol-
containing groups (Bruins, Kapil, and Oehme, 2000).
Toxicity analysis of TPH-contaminated soils should be a crucial55part of any ecological risk assessment of contaminated sites (Tang
et al., 2011). The concentration of TPH does not necessarily indi-
cate the associated toxicity of a contaminated soil (Khudur et al.,
2015) as it is not just the concentration but also the chemical
composition of the remaining TPH that has a major effect on the
associated toxicity. Brils et al. (2002) reported that the fraction of
TPH with a lower boiling point (C10eC19) was strongly correlated
with the toxicity of the TPH.
To examine the toxicity of the contamination on biota, inhibition
of natural bacterial bioluminescence (Microtox test) can be used. A
reduction in the emitted light produced by the marine bacterial
species Vibrio ﬁscheri (formerly known as Photobacterium phos-
phoreum) is measured after exposure to the toxicant for a certain
time, usually 5 and 10min (Kamlet et al., 1986). The endpoint of this
test is represented as effective concentration 50 (EC50) which refers
to the concentration of a contaminant that causes a reduction in the
emitted light of 50% during the test time. The Microtox test has
been used to assess the toxicity associated with contaminated en-
vironments in many studies over the last 30 years (Khudur et al.,
2015; Plaza et al., 2010).
To the best of the authors' knowledge, the effect of mixed
contamination on the structure of the soil microbial communities,
as well as the combined ecotoxicity has not been previously re-
ported in Australian soils. The co-contamination scenario has been
reported in studies from Europe, Africa and Canada (Cook, Chu, and
Goodman, 2002; Plaza et al., 2010; Oriomah, Adelowo, and
Adekanmbi, 2015).
In this study, soil samples from various locations in Western
Australia have been assessed for TPH and heavy metal concentra-
tions and the ecotoxicity associated with these naturally attenuated
soils assessed. In addition, the structure of the bacterial commu-
nities has been investigated using NGS to improve knowledge of
the dynamics of bacterial communities in co-contaminated soils.
Thus, a better understanding will be obtained for designing
appropriate bioremediation strategies for co-contaminated soils.2. Methods and materials
2.1. Sample collection
Contaminated soil samples were collected from former diesel
power stations in remote areas of Western Australia in May 2016.
All samples were taken from known areas of aged (over 20e50
years ago) petroleum contamination. For each sample, 12 sub-
samples were taken and combined in a sterile glass jar. All samples
were then subdivided and shipped to RMIT and ALS for microbial
and TPH/metal analysis, respectively. The samples were kept at an
ambient temperature until analysed within 7 days. The contami-
nated sites are located in Marble Bar eWestern Australia (21.18⁰ S,
119.75⁰ E). Due to the hot climate in the region, the soil has been
exposed to relatively high temperatures. According to the Austra-
lian Bureau of Meteorology, the mean temperature in 2016 was
35.5 C with a highest monthly mean of 44.9 C and a lowest
monthly mean of 24.1 C. In addition, an average rainfall rate of
392.3mm was recorded in Marble Bar in 2016 (BOM, 2018).2.2. Soil texture, TPH and heavy metals analysis
Soil samples were analysed for soil texture using methods
previously described (Rayment and Higginson, 1992) and divided
into four different groups based on their texture (G1, G2, G3, and
G4). Soil samples were analysed for TPH (C10eC40) and heavy
metals by an accredited analytical reference laboratory (Australian
Laboratory Services Pty. Ltd.) in Western Australia.
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Test samples were prepared in replicate as previously described
(Khudur et al., 2015). One gram of air-dried soil was added to 9mL of
water in a 10mL tube. Tubes were placed on a shaker overnight,
moved to a sonic water bath for 30min and then centrifuged twice at
4500 rpm for 5min (Hubalek et al., 2007). The supernatant was
subject to ﬁltration through 0.45 mm syringe ﬁlters and tested for
bioluminescence using the Microtox®Model 500 Analyser following
the manufacturer's instructions. The acute Microtox reagent (MOD-
ERN WATER Microtox®) and the reconstitution medium were sup-
plied by JW Industrial Instruments Pty. Ltd. The reconstituted freeze-
driedmarine bacteria V. ﬁscheriwas allowed to equilibrate to 4 C in a
Microtox® Analyser before starting the test. A solution containing 2%
sodium chloride (NaCl) was used as a diluent and a solution con-
taining 22% NaCl was used to adjust the osmotic pressure during the
test. The inhibition of bioluminescence after 5, 10 and 15min was
calculated for each sample and expressed as EC50 using the provided
software (ASTM, 2004). For the purpose of comparing the samples'
toxicity, the toxicity unit (TU) was calculated as TU¼ (1/EC50) x 100.
Based on this scale, the toxicity of soil samples can be classiﬁed as No
Toxicity (TU¼ 0), Moderate Toxicity (TU< 1), High Toxicity
(TU¼ 1e10) (Günesf, Günes, and Talınıe, 2008).
2.4. DNA isolation
Genomic DNA was extracted from soil samples using a Power-
Soil® DNA Isolation Kit (MO BIO Laboratories, Inc. USA) according to
the manufacturer's protocol. A NanoDrop Lite spectrophotometer
(Thermo Scientiﬁc e USA) was used to check the quantity and
quality of the extracted DNA. The DNA concentrations range was
(14e30 ng mL1) and the purity ratio (Absorbance 260/280 nm ra-
tio) ranged between 1.8 and 2.0 which is the recommended ratio by
the manufacturer. After measuring the extracted DNA, samples
were stored at 20 C until further analysis.
2.5. Quantiﬁcation of total bacteria and the hydrocarbon-degrader
bacteria
The abundance of genes encoding the 16S rRNA gene for total
bacteria as well as alkane-degrading bacteria were determined by
quantitative polymerase chain reaction (qPCR) using a QIAGEN
Rotor-Gene machine; all samples were run in triplicate. The primer
set 341-F (50CCTACGGGAGGCAGCAG30) and 518-R (50 ATTACCGCGG
CTGCTGG30) (Sch€afer and Muyzer, 2001) were used to determine
the total bacterial abundance and the primer set alkB-F
(50AAYACIGCICAYGARCTIGGICAYAA30) and alkB-R (50 GCRTGRTGRT
CIGARTGICGYTG 30) was used to determine the abundance of the
alkB gene (Perez-de-Mora, Engel, and Schloter, 2011). For both
ampliﬁcations, a total volume of 20 mL was used for each qPCR re-
action which contained (8.2 mL) molecular-biology-grade water,
(10 mL, x2, Kapa Biosystems) Kapa SYBR Fast qPCR Master Mix,
(0.4 mL, 10 pmol/mL) forward primer, (0.4 mL, 10 pmol/mL) reverse
primer and (1 mL) DNA sample. Ampliﬁcation conditions for total
bacteria were an initial denaturation step at 95 C (5min) followed
by 40 cycles of 95 C denaturation (10 s), annealing at 55 C (30 s),
72 C extension (30 s), 80 C primer dimer removal and signal
acquisition (10 s) (Shahsavari et al., 2013).
The ampliﬁcation of the alkB gene was performed as described
by (Perez-de-Mora, Engel, and Schloter, 2011). The cycling condi-
tions consisted of initial denaturation at 95 C for 10min, 45 s at
95 C (5 cycles), 1min at 62 C and 45 s at 72 C followed by of
45 s at 95 C (40 cycles), 1min at 57 C and 45 s at 72 C. After
completion of each cycle, data were collected at 78 C. A ﬁnal cycle
at 95 C for 15 s, 60 C for 30 s, and 95 C for 15 s was performed for56melting curve analysis.
For the generation of both standard curves, serial dilutions (up
to 106) of cleaned PCR products of the 16S rRNA gene from Rho-
dococcus erythropolis (isolated from control soil, data not shown)
and the alkB fragment from Pseudomonas putidawere used (Velasco
et al., 2017).
The Cycle Threshold (CT) values from standard dilutions were
plotted against the log of their initial copy number followed by the
generation of a standard curve using linear regression. All samples
and standards were ampliﬁed in duplicates and the gene copy
numbers were expressed as log10 of gene copy numbers per g of dry
soil.
2.6. Bacterial community analysis via Next Generation Sequencing
(NGS)
In regards to NGS analysis, the V4eV5 region of the bacterial 16s
rRNA gene was ampliﬁed using primer sets, V3-forward
(50CCTACGGGNGGCWGCAG30) and V4-reverse (50GACTACHVGG
GTATCTAATCC30) (Dehingia et al., 2015); the thermo-cycling con-
ditions consisted of 1 cycle at 95 C (5min); 25 cycles of 95 C (30 s),
55 C (30 s), 72 C (30 s) and a ﬁnal extension at 72 C (5min) (Hou
et al., 2015). Each PCR tube contained a total volume of 25 mL which
consisted of (9.5 mL) molecular-biology-grade water, (12.5 mL)
GoTaq Mix, (1 mL, 5 pmol/mL) forward primer, (1 mL, 5 pmol/mL)
reverse primer and DNA sample (1 mL). Library preparation was
performed according to the guidelines in 16S Metagenomic
Sequencing Library Preparation guide (Illumina) using Nextera® XT
Index Kit (Illumina, San Diego, CA). Quantiﬁcation of the library
DNA was performed using Qubit® 2.0 Fluorometer (Life Technolo-
gies, Carlsbad, CA) and 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). The sequencing of the samples was run on a MiSeq
platform (Illumina, San Diego, CA) at the School of Science, RMIT
University (Koshlaf et al., 2016). Sequences were analysed using the
16S Metagenomics workﬂow available in Illumina BaseSpace
(https://basespace.illumina.com/home/index) using a high-
performance version of the RDP Naïve Bayes taxonomic classiﬁca-
tion algorithm (Wang et al., 2007). The operational taxonomic units
(OTUs) table was visualized using MEGAN6. Shannon diversity and
Chao-1 (richness) indices were calculated with PAST software
(Andreoni and Gianfreda, 2007).
Data analysis including statistics, correlation tests and Principle
Component Analysis (PCA) were performed using XLSTAT 2014
software.
3. Results and discussion
3.1. Soil and contaminants characterisation
Soil samples were classiﬁed into four diverse groups, based on
the soil structure including silt loam, clay, sandy clay loam and
sandy loam (Table 1). The concentrations of TPH, heavy metals and
toxicity unit values of the contaminated soil samples are presented
in Table 1. The TPH concentration was relatively low, ranging be-
tween 25 and 3340mg kg1. Similarly, most heavy metals in the
test soil samples showed low concentrations except for a few
samples which have relatively high concentrations in comparison
to other samples. The concentrations of heavy metals ranged be-
tween 6 - 338mg kg1 for Cr, 7e153mg kg1 for Cu,
2.5e151mg kg1 for Pb, 8e162mg kg1 for Ni and 19e130mg kg-1
for Zn. The values of As and Cd were below detection limits.
3.2. Soil toxicity
Given the relatively low concentration of TPH and heavy metals,
Table 1
Soil characterisation and contaminants concentration in the test soil samples. TPH: total petroleum hydrocarbons, TU: toxicity unit, Cr: chromium, Cu: copper, Pb: lead, Ni:
nickel, Zn: zinc.
Soil group and structure Sample ID TPH concentration (mg/kg) Moisture content (%) Heavy metal concentration (mg/kg) TU
Cr Cu Pb Ni Zn
G1 (Silt loam) S1 25 3.6 6 7 3 9 30 0
S2 25 3.9 15 29 8 12 56 0
S3 150 2.7 14 18 10 16 76 0
S4 200 24 6 9 9 10 34 0
G2 (Clay) S5 3340 5.6 12 51 2.5 15 59 0.346
S6 3030 7.9 22 24 27 8 61 0.072
G3 (Sandy clay loam) S7 900 2.2 19 60 9 9 19 0
S8 1000 9.6 38 18 37 17 56 0
S9 850 4.8 33 16 22 9 58 0
S10 2170 7.3 37 86 151 14 105 1.01
S11 430 9.9 32 32 27 17 121 0.09
S12 1830 9.3 27 19 17 13 96 0.25
S13 560 4.1 32 23 67 14 113 0.79
S14 130 3.1 19 36 16 15 88 0
S15 190 4.8 82 37 20 48 58 0
S16 430 4 19 17 10 16 50 0
S17 25 7.2 338 54 3 162 36 0
S18 25 3.2 26 22 9 21 36 0
G4 (Sandy loam) S19 500 2.1 15 24 2.5 9 30 0
S20 25 5.2 16 10 2.5 11 30 0
S21 25 3.6 6 7 2.5 9 30 0
S22 1000 3.5 26 11 15 11 31 0
S23 850 5.1 49 70 42 17 130 0.233
S24 770 2.4 22 16 13 12 65 0
S25 25 4.4 14 12 7 13 40 0
S26 25 2.9 39 153 13 38 52 0
S27 260 3.2 11 18 2.5 10 26 0
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Fig. 1. Toxicity of the test soil samples based on the presence of the contaminants in the soil. The concentration of Pb and Zn is presented as concentration mg kg1 x 10 and toxicity
is presented as Toxicity Unit x 1000.
Table 2
Correlation matrix using Pearson Correlation coefﬁcient factor between the contaminants and some of the soil variables.
Variables TPH Cr Cu Pb Ni Zn
Toxicity 0.488 (0.010) 0.034 (0.865) 0.264 (0.264) 0.893 (0.0001) 0.096 (0.633) 0.599 (0.001)
alkB gene 0.544 (0.003) 0.200 (0.345) 0.185 (0.355) 0.416 (0.031) 0.286 (0.148) 0.517 (0.006)
Total Bac 0.180 (0.069) 0.191 (0.339) 0.128 (0.525) 0.056 (0.781) 0.214 (0.284) 0.338 (0.085)
Values in bold are different from 0 with a signiﬁcance level alpha¼ 0.05.
Numbers in brackets represent P values.
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Fig. 2. Principle Component Analysis (PCA) biplot depicting the relationship between the contaminants with the toxicity and number of gene copies in the test soil samples. Blue
circles represent soil samples.
Table 3
Gene copies numbers of alkB gene and bacterial 16S rRNA and diversity indices. Gene copies numbers are presented as Log10 of the copies number ± standard deviation.
Sample ID Gene copies (log gene copies/g dry soil) Shannon_H Chao-1
alkB gene Total bacteria
S1 3.9± 0.1 7.2± 0.0 3.8 261
S2 5.5± 0.1 8.6± 0.5 4.0 292
S3 6.5± 0.2 10.2± 0.2 4.5 412
S4 5.0± 0.0 9.0± 0.2 4.7 417
S5 6.0± 0.1 9.5± 0.0 3.8 212
S6 6.1± 0.2 10.0± 0.1 4.4 406
S7 6.0± 0.0 9.8± 0.0 4.6 374
S8 5.5± 0.1 9.2± 0.6 3.8 364
S9 6.4± 0.0 10.4± 0.0 4.5 365
S10 6.5± 0.0 9.4± 0.1 4.6 370
S11 5.6± 0.0 10.0± 0.4 4.5 377
S12 6.1± 0.0 10.3± 0.2 4.4 348
S13 5.7± 0.2 10.4± 0.0 3.2 275
S14 5.3± 0.1 9.8± 0.0 4.1 355
S15 5.6± 0.2 10.0± 0.3 3.9 336
S16 4.8± 0.1 9.7± 0.0 4.2 394
S17 4.3± 0.0 8.7± 0.0 4.6 392
S18 4.8± 0.1 10.0± 0.1 4.5 414
S19 5.5± 0.2 10.2± 0.0 4.5 382
S20 4.8± 0.2 9.1± 0.1 4.7 420
S21 5.3± 0.3 9.8± 0.1 4.3 430
S22 6.1± 0.0 9.8± 0.2 3.6 360
S23 6.6± 0.1 10.3± 0.3 4.4 350
S24 6.8± 0.1 10.8± 0.3 4.6 341
S25 4.3± 0.1 10.2± 0.5 3.0 252
S26 5.3± 0.1 10.3± 0.1 4.2 414
S27 5.1± 0.0 10.0± 0.0 4.6 467
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L.S. Khudur et al. / Environmental Pollution 243 (2018) 94e102 99it was not surprising that most of the test samples showed little or
no enhanced toxicity using the Microtox test (TU column in
Table 1). However, several soil samples showed signiﬁcant toxicity
levels (p 0.05) (Table 1). A comparison of the TPH concentration,
metal concentrations and relative toxicity for each soil is presented
in Fig. 1. The most dominant factor regarding the toxicity was the
presence of Pb; elevated toxicity was observed in samples with a
relatively high concentration of Pb. A previous study (Zeb et al.,
2016) showed that the toxicity of Pb, as a single contaminant,
was 0.046 TU for V. ﬁscheri. However, in this study, Pb showed a
much higher level of toxicity as it is combined with other con-
taminants. Two other contaminants additionally seemed to be
responsible for the toxicity, Zn and TPH. The presence of each of
these two contaminants, together with Pb correlated with the
increased level of toxicity. The highest toxicity was observed in soil0%
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59samples with an elevated concentration of all the contaminants at
the same time (Fig. 1). One possible explanation of the elevated
combined-toxicity is the increase in the bioavailability of the toxic
heavy metal in the presence of an organic pollutant as has been
previously observed (Olaniran, Balgobind, and Pillay, 2013). In
addition, co-contaminationmay affect the transportation activity of
the cellular membrane of the microorganism and therefore inhibit
the metal-ATPase activity (Gauthier et al., 2015). Although many
studies have reported the toxicity of TPH and heavy metals indi-
vidually, little is known about their combined ecotoxicity (Gauthier
et al., 2014).
The presence of Pb and Zn in high concentrations along with
petroleum hydrocarbons showed a strong correlation with toxicity
using the Pearson correlation coefﬁcient (0.893) and (0.599)
respectively (Table 2). Similarly, TPH was correlated with theS14
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nces) of top 10 bacterial genera in the test soil samples.
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Further, the Principal Component Analysis (PCA) showed that
toxicity was closely associated with Pb, Zn and TPH respectively
(Fig. 2). In contrast, despite the relatively high concentration of Cr,
Ni and Cu in some samples, (338, 162 and 153mg kg1, respec-
tively), none of these metals exhibited any relation to the toxicity.
One possible explanation is that these metals concentrations are
less than their EC50 (Zeb et al., 2016); in addition, the combined TPH
concentration in these soil samples was very low (25mg kg1).
3.3. Analysis of soil bacterial community
3.3.1. The diversity of total bacteria and alkB gene copies
Assessment of the potential of the soil microbial community to
degrade the contaminant TPH fraction, based on the number of
copies of the alkB gene revealed a relationship between copy
number and TPH concentration (Correlation factor, 0.544),
(Table 2). Soil samples with higher TPH concentration showed an
elevated number of copies of the alkB gene, the gene of interest in
this study, in comparison to soil samples with lower TPH concen-
tration (Table 3). This is an indication of the extensive presence of
hydrocarbon-degrading bacteria in TPH contaminated sites and
conﬁrmation of their contribution to the degradation of TPH (van
Beilen and Funhoff, 2007; Paisse et al., 2011). Previous research
had suggested a reduction in microbial diversity in contaminated
soils. The diversity indices based on 16S rRNA sequencing in these
soils showed that the diversity and richness of bacterial commu-
nities varied despite the presence of contaminants or observed
toxicity. The Shannon index varied between 3.0 and 4.7 and chao-1
was between 212 and 467. Previous studies reported more diverse
bacterial communities in highly TPH-contaminated soils in com-
parison to less contaminated soils (Liu et al., 2009; Jung et al., 2010).
However, the opposite trend has been reported by other studies,
with reduced diversity in contaminated environments being re-
ported (Perez-de-Mora, Engel, and Schloter, 2011; Qin et al., 2012;
Yang et al., 2012). Other researchers have reported no change in
overall bacterial diversity and richness despite exposure to
different concentrations of contaminants (Hernandez-Raquet et al.,
2006).
3.3.2. NGS analysis
NGS data showed no major dominance among the top 10
dominant genera. Despite the different soil types, several bacterial
generawere present inmost soil samples; for example, Azospirillum
spp. and Conexibacter spp. were present in 85% and 82% of all soils,
respectively. Likewise, Saccharopolyspora spp. and SolirubrobacterTable 4
Correlation matrix using Pearson Correlation coefﬁcient factor between the most comm
Bacterial genera TPH Cu
Bacillus spp. 0.077 (0.704) 0.61
Balneimonas spp. 0.148 (0.462) 0.53
Dietzia spp. 0.486 (0.010) 0.11
Geodermatophilus spp. 0.207 (0.301) 0.60
Methylophaga spp. 0.516 (0.006) 0.0
Mycobacterium spp. 0.386 (0.047) 0.11
Nocardia spp. 0.635 (0.000) 0.09
Rhodococcus spp. 0.584 (0.001) 0.11
Rhodovibrio spp. 0.362 (0.064) 0.0
Roseomonas spp. 0.599 (0.001) 0.0
Rubrobacter spp. 0.059 (0.771) 0.0
Sphingomonas spp. 0.266 (0.181) 0.26
Steroidobacter spp. 0.444 (0.020) 0.00
Thermomonas spp. 0.516 (0.006) 0.0
Values in bold are different from 0 with a signiﬁcance level alpha¼ 0.05.
Numbers in brackets are P values.
60spp. were present in 78% of all the samples (Fig. 3). To the best of the
authors' knowledge, none of these genera has been previously re-
ported in a contaminated site. This might be due to the uniqueness
of the studied sites and the weather conditions because many of
these organisms have been found in (uncontaminated) soils from
hot and extreme arid regions (Zhang et al., 2012; Bashan, 1999).
Hydrocarbon-degrading bacteria were also present in all soil
samples. Many of these bacterial genera have been previously
found in TPH contaminated soils; for example, Acinetobacter spp.
was reported to be present in a mixed contamination scenario
(Markowicz, Cycon, and Piotrowska-Seget, 2016). Pseudonocardia
spp., Halomonas spp., Mycobacterium spp. and Streptomyces spp.
have also been reported in hydrocarbon-contaminated sites
(Haleyur et al., 2018; Prince, Gramain, and McGenity, 2010). In
addition, many other genera were detected in the present study
which have been previously reported in contaminated sites
including, Desulfotomaculum spp., Nocardia spp., Nocardioides spp.,
Dietzia spp. and Rhodococcus spp. (Wang, Wang, and Shao, 2010;
Prince, Gramain, and McGenity, 2010), Aeromicrobium spp., Pseu-
domonas spp., Pseudoxanthomonas spp. (Abbasian et al., 2016;
Guibert et al., 2016). Some hydrocarbon degraders were widely
distributed in the soil samples, such as Streptomyces spp. which was
found in 93% of the samples, although its relative abundance varied
between 7% and 40%; Nocardioides spp. and Aeromicrobium spp.
were present in 62% and 52% of soil samples, respectively with
abundance varying between 5% - 30% and 5%e25%, respectively. In
contrast, Acinetobacter spp. was present in only one sample but
dominated the microbial community (45%). Also, Halomonas spp.,
Nocardia spp., Rhodococcus spp. and Pseudoxanthomonas spp. were
found in a few samples at low concentration (Table 3).
The presence of Dietzia spp., Methylophaga spp., Mycobacterium
spp., Nocardia spp., Rhodococcus spp. and Roseomonas spp. corre-
lated with the presence of TPH in the soil (Table 4) suggesting a role
for these bacteria in the TPH degradation process. These genera are
well-known hydrocarbon degrading organisms (Haleyur et al.,
2018) (Prince, Gramain, and McGenity, 2010). Furthermore, many
of these genera have been reported as metal-tolerant genera
explaining their survivor in a mixed contamination environment,
for example, Bacillus spp., Pseudoxanthomonas spp., Acinetobacter
spp. and Pseudomonas spp. (Liu et al., 2017; Oriomah, Adelowo, and
Adekanmbi, 2015; Thavamani, Megharaj, and Naidu, 2012).
The presence of other bacterial genera correlated with metal
concentrations in soil samples. These bacteria included Bacillus
spp., Balneimonas spp. and Geodermatophilus spp. all of which were
correlated to the presence of Cu; Rhodovibrio spp. and Sphingo-
monas spp. were correlated to Pb and Rubrobacter spp. was the onlyon bacterial genera and the contaminants in the soil samples.
Pb Zn
7 (0.001) 0.132 (0.513) 0.173 (0.389)
9 (0.004) 0.001 (0.995) 0.262 (0.187)
0 (0.583) 0.012 (0.954) 0.198 (0.323)
5 (0.001) 0.016 (0.937) 0.233 (0.243)
55 (0.787) 0.045 (0.824) 0.014 (0.943)
0 (0.585) 0.066 (0.743) 0.025 (0.902)
2 (0.649) 0.121 (0.458) 0.065 (0.749)
8 (0.559) 0.118 (0.556) 0.002 (0.993)
99 (0.624) 0.454 (0.017) 0.374 (0.055)
37 (0.855) 0.027 (0.893) 0.015 (0.942)
04 (0.986) 0.045 (0.824) 0.397 (0.040)
4 (0.183) 0.792 (0.0001) 0.219 (0.273)
0 (0.999) 0.157 (0.434) 0.343 (0.080)
55 (0.787) 0.045 (0.824) 0.014 (0.943)
L.S. Khudur et al. / Environmental Pollution 243 (2018) 94e102 101bacterium correlated to Zn. No correlation was recorded between
any bacterial genera in the soil samples to Cr or Ni.
4. Conclusion
This study was conducted using soil samples from Australian
contaminated sites which have been exposed to relatively high
temperature and low rainfall. The outcome has shown increased
toxicity in soil samples contaminated with both contaminants,
TPHs and heavy metals. In addition, the most dominant factor
regarding the toxicity was the presence of lead (Pb) followed by
zinc (Zn) and then TPHs. Many hydrocarbon-degrading bacteria
were identiﬁed in the microbial community structure. Some bac-
terial genera were found in the majority of the samples, e.g.
Streptomyces spp. with an abundance level varied from 7% to 40%. In
contrast, other genera were found in only one sample but at high
concentration, representing 40% of the total bacterial community,
e.g. Acinetobacter spp. Moreover, the presence of bacterial genera
like Geodermatophilus spp., Rhodovibrio spp. and Rubrobacter spp.
were correlated to heavy metals (Cu, Pb, and Zn, respectively) and
have previously been reported to be present in mixed-
contaminated soils. The overall conclusion of this study is that
the toxicity increases in TPHs and heavy metals mixed contami-
nation scenario in comparison to a single contaminant. This is an
important consideration when carrying out risk assessment asso-
ciated with natural attenuation. This study also improves knowl-
edge about the dynamics of microbial communities in mixed
contamination scenarios. NGS data provide valuable knowledge
about the dynamics of microbial communities in mixed contami-
nation scenarios since no major domination was reported and
many genera were common among the test soil samples.
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The continued increase in the global demand for oil, which reached 4,488 Mtoe in 2018, leads to large
quantities of petroleum products entering the environment posing serious risks to natural ecosystems if
left untreated. In this study, we evaluated the impact of co-contamination with lead on the efﬁcacy of
two bioremediation processes, natural attenuation and biostimulation of Total Petroleum Hydrocarbons
(TPH) as well as the associated toxicity and the changes in the microbial community in contaminated
soils. The biostimulated treatment resulted in 96% and 84% reduction in TPH concentration in a single
and a co-contamination scenario, respectively, over 28 weeks of a mesocosm study. This reduction was
signiﬁcantly more in comparison to natural attenuation in a single and a co-contamination scenario,
which was 56% and 59% respectively. In contrast, a signiﬁcantly greater reduction in the associated
toxicity of in soils undergoing natural attenuation was evident compared with soils undergoing bio-
stimulation despite the lower TPH degradation when bioassays were applied. The earthworm toxicity
test showed a decrease of 72% in the naturally attenuated toxicity versus only 62% in the biostimulated
treatment of a single contamination scenario. In a co-contamination scenario, toxicity decreased only
30% and 8% after natural attenuation and biostimulation treatments, respectively. 16s rDNA sequence
analysis was used to assess the impact of both the co-contamination and the bioremediation treatment.
NGS data revealed major bacterial domination by Nocardioides spp., which reached 40% in week 20 of the
natural attenuation treatment. In the biostimulated soil samples, more than 50% of the bacterial com-
munity was dominated by Alcanivorax spp. in week 12. The presence of Pb in the natural attenuation
treatment resulted in an increased abundance of a few Pb-resistant genera such as Sphingopyxis spp. and
Thermomonas spp in addition to Nocardioides spp. In contrast, Pb co-contamination completely shifted
the bacterial pattern in the stimulated treatment with Pseudomonas spp. comprising approximately 45%
of the bacterial proﬁle in week 12. This study conﬁrms the effectiveness of biostimulation over natural
attenuation in remediating TPH and TPH-Pb contaminated soils. In addition, the presence of co-
contaminants (e.g. Pb) results in serious impacts on the efﬁcacy of bioremediation of TPH in contami-
nated soils, which must be considered prior to designing any bioremediation strategy.
© 2019 Elsevier Ltd. All rights reserved.1. Introduction
The demand for petroleum products continues to increase; in
2018, world oil demand increased by 1.5 million barrels a day, 1.6%
higher than the average in the last decade (IEA, 2018). Inevitably,e by Dr. Yong Sik Ok.
hudur).
65during the exploration, recovery, storage and transport of such
large quantities of petroleum products, vast amounts of petrogenic
hydrocarbons enter the environment causing serious land
contamination (Varjani, 2017).
Total Petroleum Hydrocarbons (TPHs), the main component of
crude oil comprise a broad family of short (C8eC16) and long-chain
(C17eC40) aliphatic hydrocarbons and a minor group of aromatic
compounds (1e5 rings), which largely comprise carbon and
hydrogen (Abbasian et al., 2015). TPHs are classiﬁed as priority
L.S. Khudur et al. / Environmental Pollution 253 (2019) 939e948940contaminants due to their direct and indirect effects on the
ecosystem if left untreated. When TPH seeps into the soil, low
molecular weight volatile compounds evaporate, while other
compounds attach to particles in the soil where they may remain
for years or enter the groundwater, causing deleterious effects on
the environment and human health. The high toxicity of TPH has a
direct effect on the soil biota as well as severe disorders of the
human immune system, central nervous systems, kidneys, liver and
spleen (ATSDR, 2011).
Various chemical and physical techniques can be used to treat
TPH contaminated soil, such as soil washing, soil vapour extraction,
incineration and solidiﬁcation (Jasmine and Mukherji, 2019; Chen
et al., 2019). These techniques, are however relatively expensive
due to operational costs and damage the natural properties of the
soil (Xu and Lu, 2010). In contrast, bioremediation, which recruits
indigenous biological agents to breakdown the contaminants,
represents a simple, environmentally safe and cost-effective tech-
nique of contaminated soil remediation (Ron and Rosenberg, 2014).
Indeed, the ﬁrst response to any soil contamination takes place
naturally through the action of the indigenous microﬂora of the
soil. This process, natural attenuation occurs when biodegradation
of the contaminant occurs without any enhancement or human
interference (Yu et al., 2005). The biodegradation rate can be
accelerated by biostimulation where nutrients such as carbon,
phosphorus, nitrogen and oxygen are added to the contaminated
soil in order to stimulate the microﬂora and thus accelerate the
biodegradation process (Andreolli et al., 2015). Biostimulation has
been successfully applied to many contamination cases resulting in
a signiﬁcant decrease in TPH concentration. For example, higher
degradation rates (78e90%) of TPH have been reported using bio-
stimulation in comparison with natural attenuation (61e77%)
(Khudur et al., 2015; Qin et al., 2013).
However, one major challenge impacting the efﬁciency of the
bioremediation of TPH contaminated soil is co-contamination with
heavy metals (Thavamani et al., 2012; Olaniran et al., 2013a; Liu
et al., 2017; Khudur et al., 2018b). Lead (Pb) is likely to be present
alongside TPH as a co-contaminant in many aged oil spills, as Pb
was widely used as a fuel additive (Khudur et al., 2018a). A recent
study conﬁrmed that Pb concentrations (50e1750mg kg1) were
detected in 58 surface soil samples collected from the Melbourne
metropolitan area, Australia (Laidlaw et al., 2018). According to
Australian guidelines established by the National Environment
Protection Council, the Health Investigation Levels (HILs) of soil Pb
is 300mg kg1 for residential areas with gardens or accessible soil
and 1500mg kg1 for industrial or commercial areas (NEPC, 2011).
Lead is highly toxic to soil biota since it has a higher afﬁnity for
oxygen and thiol groups, enabling it to displace essential metals
from their binding site (Bruins et al., 2000; Nouha et al., 2016). We
recently reported an elevation in ecotoxicity in aged TPH-heavy
metals co-contaminated soils (Khudur et al., 2018a). The presence
of Pb in TPH-contaminated soil affects the structure of themicrobial
communitywhich underpins any biodegradation process. Although
numerous recent studies have addressed the biodegradation of TPH
in co-contaminated environments, very little is known about the
changes in dynamics of natural soil microbial communities' during
the bioremediation of co-contamination scenarios (Varjani, 2017;
Liu et al., 2017). Understanding changes in the microbial commu-
nities' structure following exposure to contaminants represents a
crucial step in designing an effective bioremediation strategy (Chen
et al., 2015; Klimek et al., 2016).
The aim of this study was to evaluate the efﬁcacy of bio-
remediating TPH in TPH-Pb co-contaminated soils and to assess the
subsequent impact of the remediation process on soil ecotoxicity. In
addition, 16S amplicon sequencing was employed to assess the
changes in the microbial community during the remediation66process. In our previous studies, we evaluated the efﬁcacy of nat-
ural attenuation and biostimulation in remediation TPH-
contaminated soil by creating an optimal C:N:P molar ratio in the
biostimulated soils (Khudur et al., 2015).We have also reported that
TPH and heavy metal co-contamination signiﬁcantly elevated the
remaining ecotoxicity of the weathered, naturally attenuated soils
(Khudur et al., 2018a). Here, we are reporting, for the ﬁrst time, the
efﬁcacy of natural attenuation and biostimulation in remediating
TPH-Pb co-contaminated soils, using RemActiv a commercially
available biostimulator. In addition, to the best of the authors'
knowledge, the impact of Pb co-contamination together with bio-
stimulation on the associated ecotoxicity and the soil bacterial
community during the bioremediation process has not been pre-
viously reported. Thus, here we aim to achieve a solid basis upon
which to design appropriate bioremediation strategies for co-
contaminated soils.
2. Materials and methods
2.1. Experiment design
Clean pastureland soil from Victoria, Australia, was collected
using a sterilized shovel and placed in clean plastic buckets and
then transported to RMIT University, Bundoora campus (Schinner
et al., 2012). The collected soil was stored overnight at ambient
temperature and then sieved using a 6mm sieve. The soil was
divided into six sub-samples (12 kg each) to set up the experi-
mental treatments. The treatments included (i) Natural attenuation
(NA) and (ii) Biostimulation (BS) of TPH only contaminated soil; (iii)
Natural attenuation (NA-H) and (iv) Biostimulation (BSeH) of TPH-
Pb co-contaminated soil; (v) a Pb only contaminated soil (HM) and
(vi) a control soil (CON). RemActiv (RA), a commercially available
biostimulator, was used for the biostimulation treatments (Ziltek,
2015). RA was marketed by Ziltek Pty Ltd. The spiking and bio-
stimulating protocols are shown in Table 1.
Characterisation of the test soil and RA is shown in Table 2. The
moisture content of all the treatments was maintained at 20% (W/
W) throughout the experiment by adding the required amount of
water twice a week. After spiking the soils, each treatment was
divided into 3 replicates (4 kg of soil each) and placed in plastic pots
(Khudur et al., 2015). A mesocosm experiment was set up for 28
weeks in a greenhouse. The inside temperature of the greenhouse
was recorded every hour using an EL-GFX-1 temperature data
logger. Soil samples were taken from each treatment every 4 weeks
for further analysis, following the protocol previously applied
(Koshlaf et al., 2016).
2.2. Quantitative analysis of the contaminants
2.2.1. TPH concentration measurement
The TPH (C10eC40) concentration was determined using
RemScan technology following the protocol previously described
(Khudur and Ball, 2018). Soil samples of approximately 50 g were
taken and air-dried overnight. The TPH concentration of the dried
soil samples were measured using RemScan device, which uses a
diffuse reﬂectance (mid)-infrared Fourier transform (DRIFT)
spectrometer.
2.2.2. Lead (Pb) concentration measurement
Extraction of Pb from soil samples was performed using an acid
digestion protocol. One gram of air-dried soil was weighed into
glass test tubes which contained 3ml concentrated nitric acid
(HNO3) and 1ml concentrated hydrochloric acid (HCl). Tubes were
heated at 85 C for 3 h using a heating block and then cooled to
room temperature. A volume of 5ml of Milli-Q (MQ) water was
Table 1
The addition of contaminants and biostimulator into the experimental treatments.
Treatment name Treatment symbol Additives to the soila
TPH Pb RA
(i) Natural attenuation NA 30,000mg kg1 0 0
(ii) Natural attenuation - Heavy metal (Pb) NA-H 30,000mg kg1 2000mg kg1 0
(iii) Biostimulation BS 30,000mg kg1 0 75ml kg 1
(iv) Biostimulation e heavy metal (Pb) BS-H 30,000mg kg1 2000mg kg1 75ml kg1
(v) Heavy metal only (Pb) HM 0 2000mg kg1 0
(vi) Control CON 0 0 0
a TPHwas added as diesel obtained from a local fuel station; Pb as lead nitrate Pb (NO3)2; RAwas diluted 1:20 as per themanufacturer instructions, prior its addition into the
soil.
Table 2
Characterisation of the test soil and the biostimulator.
Elements/Property Soil RA
Carbon 2.3% 5.1%
Nitrogen 0.22% 20%
Phosphorus 0.03% 2%
Structure Clay Liquid
pH 7.6 6.9
L.S. Khudur et al. / Environmental Pollution 253 (2019) 939e948 941added to the cooled test tubes and then ﬁltered into 10ml poly-
ethylene tubes using 45 mm syringe ﬁlters. The digested solutions
were made up to 10ml using MQ water and stored at 4 C until the
Pb concentration was measured using a Varian Spectra AA 220
Atomic Absorption Spectrometer (AAS) (Manutsewee et al., 2007).2.3. Ecotoxicity analysis
2.3.1. Earthworms' acute toxicity test
An acute toxicity test was performed on all the treatments using
earthworms, Eisenia andrei, which were obtained commercially
from Bunnings Warehouse. To perform this test, ﬁve different
concentrations for each replicate from selected time points were
prepared and placed in glass jars by mixing the contaminated soil
with clean soil in a total of 200 g of soil in each jar. For each con-
centration, ten adult earthworms were randomly selected, washed
and placed into the soil (OECD, 1984). After 14 days of incubation at
room temperature, the number of survivors was counted and the
Lethal Concentration 50 (LC50), which can be deﬁned as the con-
centration of the contaminant that kills 50% of the test animal
population; values were calculated for each treatment using ToxRat
Professional software (Khudur et al., 2015). For the purpose of
comparing the samples' toxicity, the toxicity unit (TU) was calcu-
lated as TU¼ (1/LC50) x 100 (Khudur et al., 2018a).2.3.2. Bioluminescence inhibition testing: the Microtox test
The Microtox test was performed following the standard
method (ASTM, 2004). The acute Microtox reagent (MODERN
WATER Microtox®) and the reconstitution medium were supplied
by Streamline Hydro Pty Ltd. The test samples were prepared as
previously described (Khudur et al., 2018a). For each replicate,1 g of
air-dried, sieved soil was added to 9ml of water, placed on a shaker
for 24 h and then centrifuged for 5min at 5,000 rpm. The super-
natant was taken and measured using the Microtox® Model 500
Analyzer. Effective Concentration 50 (EC50) in which the light
emission decreases by 50% at a given time, of each replicate sample,
was calculated at 5, 10 and 15min using the software provided.672.4. Bacterial community's analysis
2.4.1. Bacterial DNA extraction
Extraction of the genomic DNA from soil samples was per-
formed using a PowerSoil® DNA Isolation Kit (MO BIO Laboratories,
Inc. USA) following the manufacturer's protocol. The quality and
quantity of the extracted DNA were determined using a NanoDrop
Lite spectrophotometer (Thermo Scientiﬁc e USA). The extracted
DNA samples were stored at 20 C until further analysis.2.4.2. Quantiﬁcation of bacterial 16s rRNA and alkB genes
Quantitative analysis of the 16S rRNA gene as an indication for
total bacteria as well as the alkB gene, which is the most widely
used indicator of TPH-degrading bacteria, was performed by real-
time polymerase chain reaction (qPCR) using a QIAGEN Rotor-
Gene machine as previously described (Shahsavari et al., 2016).2.4.3. Next generation sequencing (NGS) of the bacterial
communities
In order to analyse the structure of the bacterial communities,
primer set V3-forward (50CCTACGGGNGGCWGCAG30) and V4-
reverse (50GACTACHVGGGTATCTAATCC30) were used to amplify
the V4eV5 region of the bacterial 16s rRNA gene (Dehingia et al.,
2015). The guidelines in the 16S Metagenomic Sequencing Library
Preparation guide (Illumina) using Nextera® XT Index Kit (Illumina,
San Diego, CA) were used for the library preparation process.
Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA) and 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA) were used for
the quantiﬁcation of the library DNA. A MiSeq platform (Illumina,
San Diego, CA) at the School of Science, RMIT University was used
for sequencing (Khudur et al., 2018a). The 16S Metagenomics
workﬂow available in Illumina BaseSpace (https://basespace.
illumina.com/home/index) which uses a high-performance
version of the RDP Naïve Bayes taxonomic classiﬁcation algorithm
was used to analyse the sequences (Wang et al., 2007). The visu-
alisation of the operational taxonomic units (OTUs) table was per-
formed using MEGAN6. The number of bacterial taxa was
calculated using PAST software (Andreoni and Gianfreda, 2007).2.5. Data analysis
The experimental data was subject to Analysis of Variance
(ANOVA) using XLSTAT 2018 software. The separation of mean
values was performed using the Least Signiﬁcant Difference (LSD)
test. The differences were considered signiﬁcant at (P¼ 0.05),
where the F-value was signiﬁcant. Data are presented as mean and
standard deviation of three replicates.
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3.1. Concentration of contaminants
3.1.1. Assessing TPH concentration
The efﬁcacy of bioremediation in the reduction of TPH in the
TPH contaminated and TPH-Pb co-contaminated soils is shown in
Fig. 1A. A signiﬁcant reduction in TPH concentration was observed
in both bioremediation strategies implemented, natural attenua-
tion and biostimulation, for single and co-contamination scenarios.
The biostimulation strategy resulted in signiﬁcantly higher ef-
ﬁciency in terms of bioremediation of TPH contaminated soil in
comparison with natural attenuation. In a single contamination
scenario (TPH only), a reduction of 95.9% in the starting concen-
tration was observed in the biostimulated soil samples (BS) within
28 weeks in comparison with only 55.6% TPH reduction in natural
attenuated soil samples (NA). Similarly, in a co-contaminated sce-
nario (TPH and Pb), the biostimulated soil samples (BSeH) showed
a higher reduction of 83.7% in TPH concentration compared to the
natural attenuated soil samples (NA-H) which resulted in only
59.7% TPH reduction. The effectiveness of biostimulation over
natural attenuation in remediating TPH contaminated soil in
different contamination scenarios has also been demonstrated in
previous studies (Khudur et al., 2015; Safdari et al., 2018; Xu and Lu,
2010). No TPH was detected in the HM and CON treatments.
In contrast to the ﬁndings of other studies that showed a rapid
decrease (about 50%) of the TPH concentration in the ﬁrst 2e4
weeks of the bioremediation processes followed by a slower
degradation rate (Khudur et al., 2015, Bento et al., 2005, Suja et al.,
2014, Koshlaf et al., 2016, Rodriguez-campos et al., 2019, Chen et al.,
2019), the opposite degradation trend was observed in this study.
All the treatments showed a relatively slow degradation in TPH in
the ﬁrst 4e8 weeks followed by a faster reduction of the TPH,
especially in the biostimulated treatments after 8 weeks. One
possible explanation could be the effect of temperature on the
biodegradation rate. Temperature is the most crucial environ-
mental factor inﬂuencing the degradation rate of TPH since
elevated temperature increases the bioavailability of TPH duringFig. 1. (A) Reduction in TPH concentration over 28 weeks of bioremediation of TPH and TP
centage of reduction data is presented as Mean± SD, n¼ 3. (B) Temperature proﬁle throug
mean± SD, n¼ 672.
68the biodegradation by changing their viscosity and diffusion
(Coulon et al., 2007; Chaudhary and Kim, 2019). In addition, tem-
perature enhances the metabolic activities, as well as the activity of
bacterial enzymes involved in TPH degradation (Chaudhary et al.,
2019; Abed et al., 2015). This experiment was set up as a meso-
cosm in the greenhouse without temperature control to simulate
natural environmental conditions. The mean temperature at the
start of the experiment was 14.8 C, rising to 27.4 C after 28 weeks
(Fig. 1B). The optimum temperature for TPH biodegradation has
been reported to lie within 20e40 C (Das and Chandran, 2011;
Chaudhary et al., 2019; Sun et al., 2019).3.1.2. Assessing Pb concentration
The Pb concentration in soils was determined using AAS. The Pb
concentration in the NA-H, BS-H and HM treatments ranged be-
tween (1910e1980mg kg1), showing no signiﬁcant change in
concentration during the 28 weeks of bioremediation. No Pb was
detected in the NA, BS and CON treatments.
The presence of Pb affected the degradation of TPH in both
bioremediation strategies. Despite the presence of the co-
contaminant, the TPH in the NA-H treatment showed slightly
higher (though not signiﬁcant) degradation compared with the NA
treatment (59.7% and 55.6%, respectively). The addition of nitrate,
from Pb (NO3)2 which was added as a source of Pb, might have
increased the nutrient level in the soil and therefore enhanced the
degradation rate by marginally increasing bacterial growth and
activity. In contrast, in the nutrient-rich (biostimulation) treatment
the degradation date of TPH was negatively inﬂuenced by the
presence of Pb. A signiﬁcant reduction in the degradation rate was
observed in BS-H over the BS treatment, 59.6% and 95.9%, respec-
tively, indicating inhibition of bacterial activity by the co-
contaminant. In addition to its toxicity, the co-presence of Pb in-
hibits many metabolic pathways, such as the enzymatic and res-
piratory processes of many hydrocarbon-degrading bacteria (Alisi
et al., 2009; Al-saleh and Obuekwe, 2005; Dong et al., 2013;
Deary et al., 2018).H-Pb contaminated soils using natural attenuation and biostimulation strategies. Per-
hout the 28 weeks of bioremediation of TPH contaminated-soil. Data are presented as
L.S. Khudur et al. / Environmental Pollution 253 (2019) 939e948 9433.2. Soil ecotoxicity
Since both contaminants involved in this study are known to
pose high toxicity to the soil biota, the earthworm acute toxicity
and Microtox tests were conducted to assess the toxicity of the
bioremediated soils. The earthworm acute toxicity test (Fig. 2 A)
showed that the NA treatment resulted in the highest decrease in
toxicity, about 72%, where TU values dropped signiﬁcantly from 9.2
to 2.6. The BS treatment also showed a signiﬁcant drop in TU, from
9.2 to 3.5, which represents a 62% decrease. Similarly, the Microtox
test (Fig. 2 B) showed that TU values dropped from 8.5 to 1.2 and 7.8
to 1.7 for NA and BS, respectively, which represents an 86% and 78%
reduction in toxicity of NA and BS, respectively. Despite the higher
reduction in the TPH concentration in the BS treatment, the asso-
ciated ecotoxicity was higher in the BS rather than in the NA
treatment. Many researchers have shown that in general, the
decrease in ecotoxicity shows a positive correlation with a reduc-
tion in TPH concentration (Khudur et al., 2015; Shahsavari et al.,
2017; Tang et al., 2011; Dorn and Salanitro, 2000). However, asFig. 2. Reduction in soil ecotoxicity during 28 weeks of bioremediation of TPH and TPH
Earthworms' acute toxicity test. (B) The Microtox test. Toxicity Unit (TU) data are presented
69seen in this study, previous studies have shown that a reduction in
TPH concentration does not necessarily reﬂect the level of eco-
toxicity and the remediated soil could still pose a potential toxicity
risk to the biota (Khudur et al., 2015; Makadia et al., 2011; Phillips
et al., 2000). While the results conﬁrm the efﬁcacy of RemActiv as a
biostimulating agent, the ecotoxicity results suggest that care must
be taken in the application of any biostimulating agent to ensure
that the addition does not impact the toxicity of the soil through an
imbalance in elemental soil composition.
The presence of Pb together with TPH signiﬁcantly inﬂuenced
the ecotoxicity associated with the co-contaminated soil. The
toxicity of the NA-H treatment to the earthworms and the marine
bioluminescent bacteria was signiﬁcantly higher than the NA
treatment. Likewise, the BS-H treatment showed signiﬁcantly
higher toxicity in comparison to the BS treatment. Throughout the
28-week incubation, the TU values for the earthworm toxicity test
dropped from 10 to 7 and 13 to 12 representing 30% and 8%
decrease in the associated toxicity for NA-H and BS-H treatments,
respectively. In addition, the Microtox test showed a 50% and 38%-Pb contaminated soils using natural attenuation and biostimulation strategies. (A)
as Mean± SD, n¼ 3.
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ments, respectively. No toxicity was observed in The HM and CON
treatments.
Since the ecotoxicity of the co-contamination treatments was
signiﬁcantly higher than the single contamination, the results of
this study suggest that the addition of extra chemicals, even nu-
trients, to TPH contaminated soils negatively affects the associated
toxicity. Besides the toxicity posed by an individual contaminant, a
signiﬁcantly elevated toxicity has been observed in aged co-
contaminated samples in previous studies (Khudur et al., 2018a).
The presence of Pb has been reported to increase the bioavailability
of the organic contaminants as well as affect the transportation
activity of the microbial cell membrane (Olaniran et al., 2013b;
Gauthier et al., 2015).3.3. Soil bacterial community
In the current study, changes in the community structure of the
soil bacteria during the bioremediation process was investigated
using qPCR and NGS. Since soil microorganisms represent theFig. 3. Variation in the number of gene copies measured using qPCR during 28 weeks of natu
16S rRNA gene. (B) alkB gene. Data presented as Mean ± SD, n ¼ 3. þ indicates signiﬁcant dif
z indicates signiﬁcant differences between the sampling points of the treatment except sta
70backbone of the contaminant biodegradation process, it is imper-
ative to gather information on the dynamic structure of the mi-
crobial communities to design appropriate bioremediation
strategies.3.3.1. Quantiﬁcation analysis of bacterial 16S rRNA and alkB genes
qPCR was performed to evaluate the copy number of bacterial
16S rRNA and alkB genes. The results revealed that the number of
copies of the 16S rRNA gene signiﬁcantly increased starting from
week 4 after exposure of the microbiota to the contaminants
(Fig. 3A). The highest number of copies observed in the BS treat-
ment reached a peak of 3.0 1010 in week 12, signiﬁcantly higher
than all other sampling points. This ﬁnding suggests that bio-
stimulation has a positive effect on bacterial growth in contami-
nated soil. The NA treatment also showed a signiﬁcant increase in
copy number starting from week 4 until week 20, although the
increase was signiﬁcantly lower than the BS treatment.
Although BS-H showed a signiﬁcant rise in the number of copies
in week 8, reaching a peak of 2.1 1010, the results suggest that the
presence of Pb negatively affected the biostimulation effect onral attenuation and biostimulation of TPH and TPH-Pb co-contamination scenarios. (A)
ferences between the sampling point of each treatment to their starting sampling point.
rting the sampling point.
L.S. Khudur et al. / Environmental Pollution 253 (2019) 939e948 945bacterial growth. In contrast, the Pb co-contamination has no sig-
niﬁcant effect on the total bacterial growth in natural attenuated
treatments. The numbers of 16S rRNA gene copies averaged
4.8 109 and 4.7 109 for HN and CON treatments, respectively,
showing no signiﬁcant changes within 28 weeks.
The results of the alkB gene, which is an indicator of the TPH
degradation potential of the soil microﬂora (Guibert et al., 2016),
also showed a signiﬁcant increase in the number of copies starting
fromweek 4 (Fig. 3B). A signiﬁcant rise in the number of copies was
observed in the BS treatment starting from week 8. The number of
alkB genes reached the highest peak of 1.5 1010 in week 12 which
represents around 50% of the total soil bacteria at this sampling
point. A similar trend was observed in the NA treatment, reaching
the highest number of, 6.3 109 gene copies in week 12, signiﬁ-
cantly lower than in the BS treatment, perhaps explaining the
positive effect of biostimulation, elevating the alkB gene copy
number. The growth of hydrocarbon-degrading bacteria is
enhanced by biostimulation (Shahi et al., 2016).
The presence of Pb signiﬁcantly reduced the number of copies of
the alkB gene in both natural attenuation and biostimulation
treatments. Although the NA-H and BS-H treatment showed a
signiﬁcant increase in alkB gene number in week 4, a signiﬁcantly
lower number of copies was observed in comparison to the number
detected in soils with only TPH contamination, NA and BS. These
ﬁndings demonstrate the inhibitory effect of the co-contaminants
on the growth of hydrocarbon-degrading bacteria (Ramadass
et al., 2016).
3.4. Bacterial communities' structure and composition
16S rDNA sequencing was carried out to evaluate the changes in
the structure of the bacterial communities during the bioremedi-
ation process, as well as the effect of contaminants on the
hydrocarbon-degrading bacteria. NGS data revealed that many
changes in the structure of the bacterial communities occurred
during 28 weeks of the bioremediation process depending on the
presence of the contaminants and nutrients in each treatment.
Bacterial diversity, using the number of taxa index, was signiﬁ-
cantly reduced in both natural attenuation treatments (NA and NA-
H) in week 20 and 28; in contrast, bacterial diversity in both bio-
stimulated soils (BS and BS-H) reduced early, in week 4 (Table 3).
The number of taxa varied from 441-397 and 437-375 for HM and
CON treatments, respectively, showing no signiﬁcant changes in
bacterial diversity. This ﬁnding suggests that the addition of nu-
trients to TPH contaminated soil signiﬁcantly affected bacterial
diversity despite the absence/presence of the co-contaminant. In
addition, the earlier reduction in TPH concentration in bio-
stimulated soils may explain the earlier changes in bacterial di-
versity. Several researchers have reported more diverse bacterial
communities in highTPH-contaminated soils in comparison to less
contaminated soils (Liu et al., 2009; Jung et al., 2010). The presence
of Pb, however, signiﬁcantly decreased the number of taxa, espe-
cially in week 20 and 28 in all treatments. It has previously beenTable 3
Reduction in the number of bacterial taxa of the contaminated soils during 28 weeks of na
Treatment Number of bacterial taxa
Day 0 Week 4 Week 8
NA 516 0.212 503 0.210 489 0.469
NA-H 540 0.225 511 0.369 414 0.291
BS 512 0.444 467 0.000 452 0.001
BS-H 534 0.233 467 0.016 403 0.010
Values in bold are different from 0 with a signiﬁcance level alpha¼ 0.05.
Superscripted Numbers are P values.
71reported that although many indigenous bacteria are capable of
degrading TPH, their activity is adversely affected by the presence
of toxic co-contaminants (Xu and Lu, 2010).
Taxonomy proﬁle analysis of the top 50 genera, which represent
about 99.9% of the entire community, based on the total OTUs
revealed differences in relative dominance in soils between
different treatments during 28 weeks of bioremediation (Fig. 4). As
expected, all treatments showed a similar taxonomy proﬁle at their
starting point. Many genera were common among all treatments
showing no major dominance, including Nocardioides spp., Dok-
donella spp., Pseudomonas spp., Alcanivorax spp., Sphingopyxis spp.
Nocardia spp. and Thermomonas spp. Except for CON (Fig. 4C) and
HM (Fig. 4F) treatments, which showed no major changes, all other
treatments showed changes in their taxonomy proﬁle starting from
week 4. A gradual increase in domination by Nocardioides spp., a
well-known hydrocarbon-degrading bacterium (Schippers et al.,
2005) was observed in NA treatment, attaining 40% and 35% of
the total population in week 20 and 28, respectively (Fig 4A).
In contrast, biostimulation treatments showed a different trend
of bacterial domination (Fig 4B). In BS treated soils, the abundance
of a few hydrocarbon degrading bacteria increased in week 4,
including Nocardioides spp., Pseudomonas spp., Sphingopyxis spp.
and Nocardia spp. Most notably, no one organism was dominant.
However, Alcanivorax spp. represented 30% of the total population
in week 8 and more than 50% inweek 12. Alcanivorax spp. has been
reported as a predominant bacterium in nutrient-rich TPH
contaminated environments (Cappello et al., 2007). This major
domination in BS treatment explains the signiﬁcant rise in the copy
number of the alkB gene in week 8 and 12 (Fig. 3B).
In the presence of Pb, Nocardioides spp. was the dominant or-
ganism in NA-H treated soils, reaching around 25% and 35% of the
total bacterial population in week 20 and 28, respectively (Fig 4D).
However, an increase in the abundance of other hydrocarbon-
degrading bacteria, such as Sphingopyxis spp., Thermomonas spp.
and Nocardia spp. was also observed (Junfeng et al., 2010,
Rodriguez-nava et al., 2007) in weeks 4, 8 and 12. This increase in
hydrocarbonclastic bacteria may be responsible for the increased
reduction of TPH concentration in NA-H soils compared with that
observed in NA soils. The increased proliferation of Nocardioides
spp. in weeks 20 and 28 in both natural attenuation soils, NA and
NA-H may explain the signiﬁcant changes in bacterial diversity
observed at these time points.
The presence of Pb also affected the biostimulated treated soils.
BS-H treated soil showed an elevated abundance of the same bac-
terial genera compared with BS in week 4 (Fig 4E). However,
Pseudomonas spp. dominated, representing 45% and 40% of the BS-
H bacterial proﬁle in week 8 and 12, respectively. The difference in
the major dominance between BS and BS-H could be due to the
presence of Pb, as Pseudomonas spp. has been shown to be resistant
to Pb (Oriomah et al., 2015; Liu et al., 2017). Themajor dominance in
both BS and BS-H disappeared in weeks 20 and 28, possibly due to
the reduced concentrations of TPH, as well as the nutrients pro-
vided. These changes in both biostimulation treatments (BS and BS-tural attenuation and biostimulation of TPH and TPH-Pb co-contamination scenarios.
Week 12 Week 20 Week 28
466 0.338 434 < 0.0001 383 < 0.0001
428 0.220 344 0.047 299 0.016
443 < 0.0001 387 < 0.0001 327 < 0.0001
391 0.001 373 < 0.0001 286 < 0.0001
Fig. 4. Variation in the relative abundance of the top 50 bacterial genera of the soil during 28 weeks of bioremediation of the experimental treatments. (a) NA; (b) BS; (c) CON; (d)
NA-H; (e) BS-H; (f) HM.
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observed in week 4.
Overall, the results of this mesocosm study suggested that
bioremediation is an effective approach to clean up TPH and TPH-
Pb contaminated soils. Biostimulation was found to be more
effective than natural attenuation in terms of the reduction in TPH
concentrations in both contamination scenarios. The addition of
nutrients to contaminated soil samples enhanced the growth of
various hydrocarbon-degrading bacteria resulting in increased
degradation of TPH. However, the biostimulated soils samples
showed relatively greater ecotoxicity despite the lower TPH con-
centration. The presence of Pb alongside TPH increased the asso-
ciated ecotoxicity and inhibited the growth of soil biota, including
hydrocarbon-degrading bacteria. These results conﬁrm the72complications caused by co-contamination which lead to a reduc-
tion in the bioremediation efﬁciency.
4. Conclusion
This mesocosm study concluded that the presence of Pb as a co-
contaminant has negatively impacted the efﬁcacy of TPH biore-
mediation, especially after biostimulation, in co-contaminated
soils. The biostimulation treatment showed 84% reduction in TPH
concentration representing a 24% greater reduction than natural
attenuation in co-contaminated soils. However, this represents 11%
less reduction in comparison to TPH- only contaminated soils. Also,
in co-contaminated soils, the biostimulation treatment showed
only 8% reduction in toxicity in comparison with 62% in single
L.S. Khudur et al. / Environmental Pollution 253 (2019) 939e948 947contaminated soils. In terms of alkB gene numbers, although bio-
stimulation resulted in increasing the gene copies number to about
1.5 1010 in comparison with only 6.3 109 in natural attenuated
soil, the presence of Pb has signiﬁcantly decreased these numbers.
In addition, the presence of Pb caused distinct shifts in the structure
of the soil microbial community. In natural attenuation, beside
Nocardioides spp. which showed a major dominance in both
contamination scenarios, Pb resulted in an increase in the abun-
dance of Sphingopyxis spp., and Thermomonas spp. In contrast, in
biostimulation treatments, major changes in bacterial domination
were observed since Alcanivorax spp. showed dominance in TPH-
contaminated soil whereas, Pseudomonas spp. mainly dominated
the co-contaminated soils. The overall conclusion of this study is
that although biostimulation was more effective in remediating
TPH in co-contaminated soils, the presence of Pb alongside TPH had
deleterious effects on the bioremediation process. Therefore, the
complications caused by the presence of co-contaminants (e.g. Pb)
should be a priority consideration when designing any bioreme-
diation strategy for speciﬁc contamination scenarios.
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CHAPTER SIX 
General Discussion 
The contamination of land with petrogenic hydrocarbons is of global concern due to the huge 
quantities of the contaminant that enters the environment and the deleterious impact they pose on 
the ecosystems if left untreated. Bioremediation represents a simple, cost-effective and 
environmentally safe approach for the clean-up of TPH-contaminated sites. However, the traditional 
laboratory techniques of measuring TPH concentration in bioremediated soils are relatively costly 
and time-consuming. Moreover, the reduction in TPH concentration, which is often used as the only 
criterion to assess the efficacy of bioremediation treatments, does not reflect the associated 
ecotoxicity of the treated samples. Further, co-contamination with heavy metals is one of the serious 
challenges impacting the efficacy of bioremediation. The presence of heavy metals alongside TPH 
has deleterious impacts, affecting both ecotoxicity and the diversity of the microbial community, and 
therefore the degradation rate of TPH in contaminated soils.  
The work carried out in this thesis aimed to design appropriate bioremediation strategies for heavy 
metals co-contaminated soils by evaluating the impact of lead co-contamination on the ecotoxicity 
and bacterial community in TPH-contaminated soils. The key areas of discipline advanced by the 
chapters of this thesis are demonstrated in Figure 1. 
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Figure 1. Flowchart of thesis progression highlighting the main hey areas presented in this thesis
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6.1. RemScan as a tool to monitor Bioremediation 
A variety of TPH-contaminated soils were subject to TPH quantitative analysis using RemScan. The 
contaminated soils represented various contamination scenarios. These soils include: 
• Aged petroleum-contaminated soil samples studied in Chapter 4 of this thesis.
• Fresh TPH-contaminated soils spiked in the laboratory for validating RemScan in high-
concentration TPH-contaminated soils.
• Fresh TPH-contaminated soils which were subject to two bioremediation strategies studied
in Chapter 5.
• Fresh and aged co-contaminated soils studied in Chapter 4 and 5 of this thesis.
The potential of RemScan as a fast, accurate and cost-effective portable device to be used as a tool 
to monitor the bioremediation process was assessed for the first time.  
The correlation coefficient (R2) of 0.998 achieved in comparison to the traditional methods (GC/MC) 
is an indication of the accuracy of RemScan in measuring TPH concentration in a variety of soils and 
contamination scenarios. Significant reduction in both time and cost was also achieved using 
RemScan in comparison to GC techniques. The use of RemScan was reported in previous studies 
where the accuracy (R2~0.99), speed and cost-effectiveness of RemScan in the prediction of TPH 
concentration in contaminated soil was demonstrated (Stewart et al., 2017, Webster et al., 2016). 
RemScan was used in a variety of TPH contaminated soils and TPH concentrations, with the highest 
level of 60,000 mg kg-1. In our study, RemScan was used for the first time, to measure TPH 
concentrations in various bioremediated and co-contaminated soils, as well as soils with TPH 
concentration of ~100,000 mg kg-1 which is the highest level of contamination that RemScan can 
measure.  
The results of this study concluded that RemScan is an advantageous technique for routinely 
research and commercial applications including bioremediation monitoring, emergency petroleum 
spills and contaminated sites assessments.  
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6.2. Ecotoxicity 
Due to the high toxicity of TPH to the soil biota, earthworm acute toxicity and Microtox tests were 
conducted to evaluate the toxicity of the weathered, contaminated and bioremediated soils used in 
this study. The results of Chapter 4 showed that most of the weathered naturally attenuated soils 
showed little or no enhanced toxicity using the Microtox test, due to the relatively low concentration 
of TPH and heavy metals. The soils samples in which the TPH concentration ranged between (50-
1000 mg kg-1) and the co-contaminated concentrations were < 100 mg kg-1, showed zero toxicity. 
However, several soil samples, in which the TPH concentration was > 1500 mg kg-1 and the co-
contaminant concentrations were > 100 mg kg-1 showed significant toxicity levels, where Toxicity 
Units (TU) ranged between (0.1 -1.1). Lead was the most dominant factor in terms of toxicity followed 
by TPH and Zn. The highest toxicity was observed in soil samples with an elevated concentration of 
all the contaminants.   
The experiment in Chapter 5 was designed to examine the impact of heavy metals as co-
contaminants on the ecotoxicity associated with the bioremediation of TPH-contaminated soils. Lead 
was selected as an example of a co-contaminant since it represented a dominant factor in the 
ecotoxicity in the previous work. Two bioremediation strategies, natural attenuation and 
biostimulation were examined in this study.     
During the bioremediation of freshly TPH-contaminated soils, the TU dropped significantly in both 
biostimulation and natural attenuation treatments. The TU of the natural attenuated treatment 
dropped from 9.2 to 2.6 and 8.5 to 1.2 using the earthworm acute toxicity test and the Microtox, 
respectively. The TU in the biostimulated treatment reduced from 9.2 to 3.5 and 7.8 to 1.7 in the 
earthworm acute toxicity test and the Microtox, respectively.  
The presence of co-contaminants together with TPH significantly influenced the ecotoxicity. Elevated 
toxicity was recorded in fresh TPH-Pb-contaminated soils during the bioremediation process in 
comparison to only TPH-contaminated soils. The TU was reduced from 10 to 8 and 8.5 to 5.1 in the 
natural attenuation of co-contaminated soil using the earthworm and Microtox toxicity tests, 
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respectively. The biostimulated co-contaminated soils showed even higher toxicity; following 
treatment the TU was reduced from 13 to 12 and 9.5 to 6.2 using the earthworm and Microtox toxicity 
tests, respectively.  
These findings showed that the decrease in ecotoxicity positively correlated with the reduction in 
TPH concentration in TPH-contaminated soils (Khudur et al., 2015, Shahsavari et al., 2017). Co-
contamination with heavy metals elevated the related ecotoxicity. The results also indicated that the 
associated ecotoxicity in the biostimulated soils was higher than that recorded in the natural 
attenuated soils despite the higher reduction in the TPH concentration in the biostimulation 
treatment. This may be explained by increased bioavailability of the daughter metabolites resulting 
from the biostimulation treatment, confirming that the TPH concentration is not an indication for the 
associated toxicity (Khudur et al., 2015, Makadia et al., 2011, Gainer et al., 2018).   
Furthermore, since the ecotoxicity of the co-contamination treatments was significantly higher than 
the single contamination, the results of this study suggest that the addition of extra chemicals, even 
nutrients, to TPH contaminated soils negatively affected the associated toxicity. A significantly 
elevated toxicity has been reported in aged co-contaminated samples in previous studies. The 
presence of Pb has been reported to increase in the bioavailability of organic pollutants, including 
petroleum hydrocarbons (Olaniran et al., 2013). In addition, co-contamination may affect the 
transportation activity of the cellular membrane of the microorganisms and therefore inhibit the 
activity of many cellular enzymes (Gauthier et al., 2015).  
6.3. The efficacy of bioremediation 
Both implemented bioremediation strategies in this study, natural attenuation and biostimulation 
resulted in a significant reduction in soil TPH concentration. After 28 weeks of bioremediation, the 
biostimulation strategy resulted in a reduction of 95.9% in the starting TPH concentration in 
comparison to a significantly lower reduction of 55.6% from the natural attenuation strategy. In a co-
contamination scenario (TPH and Pb), the biostimulation strategy also showed a significantly higher 
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reduction in TPH concentration that the natural attenuation strategy (83.7% and 59.7%, 
respectively). The presence of the co-contaminant, however, significantly affected the efficacy of the 
biostimulated treatment with a 12% decrease in treatment efficiency. The effectiveness of 
biostimulation over natural attenuation in remediating TPH contaminated soil in different 
contamination scenarios has also been demonstrated in previous studies (Khudur et al., 2015, Xu 
and Lu, 2010b, Safdari et al., 2018). No TPH was detected in soils that were not amended with Pb 
(HM and CON treatments).  
In general, during the bioremediation of freshly-contaminated soils, the TPH concentration rapidly 
declined to reach about 50% degradation in the first 2-4 weeks followed by a much slower rate in 
the following weeks (Khudur et al., 2015, Bento et al., 2005, Suja et al., 2014). In this study, the TPH 
degradation rate showed the opposite trend. The degradation rate started with a relatively slow 
degradation rate in the first 4-8 weeks followed by a higher rate, especially in the biostimulation 
treatment. This unusual trend of degradation rate could be because of the effect of temperature on 
the biodegradation of TPH. The mean of the recorded temperature of the experimental mesocosm 
increased from 14.8⁰C to 27.4⁰C during the bioremediation process. Optimum biodegradation of 
TPH occurs in a temperature range of 20-40⁰ (Das and Chandran, 2011).  
6.4. Soil bacterial community analysis 
6.4.1. Copies number of 16s rRNA and alkB genes 
The copy number of the bacterial alkB gene was measured as an indication of the presence of 
hydrocarbon-degrading bacteria (Paisse et al., 2011). In weathered, naturally attenuated TPH-
contaminated soils, a correlation between the TPH concentration and alkB gene copies was 
observed. Increased numbers of gene copies were observed in soil samples with higher TPH 
concentration in comparison to soil samples exhibiting reduced bioremediation efficacy.  
The extensive presence of hydrocarbon-degrading bacteria in TPH contaminated sites suggests 
their role in degrading petroleum hydrocarbons in these contaminated soils (Paisse et al., 2011, van 
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Beilen and Funhoff, 2007). However, the changes that occurred in the alkB gene copy number during 
natural attenuation in these weathered contaminated soils over 2-5 decades were unknown. 
Therefore, the experiment in Chapter 5 was set up to investigate the changes that take place after a 
contamination incident and during the bioremediation of the contaminated soils. During natural 
attenuation of freshly TPH-contaminated soils, alkB gene copy number significantly increased from 
Week 4. The highest number of alkB gene copies was observed in Week 12 followed by a gradual 
decline in the following weeks correlating with a decrease in TPH concentration. The presence of a 
co-contaminant (Pb in this study) significantly affected the alkB gene copy number. Although the 
number of copies also increased from Week 4 in co-contaminated soils, a significantly lower number 
of copies was observed in comparison to the number detected in naturally attenuated soils 
contaminated with only TPH.  
In contrast to the effect of co-contamination, biostimulation positively affected the number of alkB 
gene copies. A significant increase in the number of alkB gene copies was observed in the 
biostimulated soil samples starting from week 4. The number of copies was highest in Week 12, 
representing around 50% of the total soil bacteria. These findings confirm that biostimulation 
enhanced the growth of hydrocarbonoclastic bacteria (Shahi et al., 2016). Like the natural 
attenuation treatment, the presence of Pb also impacted the number of alkB gene copies in the 
biostimulation treatment. Lead significantly reduced the number of alkB gene copies present in 
biostimulated, co-contaminated soils in comparison to the biostimulated TPH-contaminated soils. 
The findings of Chapter 5 demonstrate the inhibitory effect of Pb as a co-contaminant on the growth 
of hydrocarbon-degrading bacteria (Ramadass et al., 2016).     
6.4.2. Soil bacterial diversity 
The bacterial diversity based on 16S rRNA sequencing in weathered naturally attenuated 
contaminated-soils varied despite the presence of the contaminants. The changes occurring in the 
bacterial diversity during the natural attenuation process were unknown and no relation between the 
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concentration of the contaminants and the diversity indices was observed. A variety of findings were 
reported in previous studies in relation to the changes in microbial diversity in contaminated soils. 
Many studies suggested that no significant changes occurred in the overall bacterial diversity despite 
exposure to different concentrations of contaminants (Hernandez-Raquet et al., 2006, Röling et al., 
2002, Kasai et al., 2001). Other studies reported a reduced diversity of the microbiota in 
contaminated environments (Pérez-de-Mora et al., 2011, Qin et al., 2012, Yang et al., 2012). An 
opposite trend, however, was reported by other researchers where more diverse microbial 
communities were observed in highly TPH-contaminated soils in comparison to less contaminated 
soils (Liu et al., 2009, Jung et al., 2010).   
The finding of Chapter 5 of this study has provided valuable information about the changes in 
bacterial diversity occurring during the bioremediation of the contaminated soils, as well as the effect 
of co-contamination on bacterial diversity. In the natural attenuation treatment, significantly reduced 
bacterial diversity was observed. The number of taxa reduced from 516 to 383 after 28 weeks of the 
treatment. Similarly, the biostimulation treatment showed a significant reduction in soil bacterial 
diversity. The number of taxa decreased from 512 to 327 after 28 weeks of treatment. The changes 
in the biostimulated soil could be due to the increased abundance of metabolically active species 
(Roy et al., 2018). The significant differences in the biostimulated soils were observed from Week 4 
in comparison to those observed in naturally attenuated soils which occurred in Week 20. TPH-
contaminated soils subjected to biostimulation resulted in increased species-abundance but reduced 
diversity when compared to those of than natural attenuated soils (Wu et al., 2017). 
The presence of Pb as a co-contaminant, adversely affected the bacterial diversity of the 
contaminated soil causing a reduction in the number of taxa in both bioremediation strategies over 
28 weeks of the process. The presence of toxic co-contaminants adversely affected the diversity of 
indigenous bacteria in TPH-contaminated soil and their capacity to degrade petroleum hydrocarbons 
(Xu and Lu, 2010a). No significant changes were observed in the control soils or where Pb was 
present as a single contaminant.  
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6.4.3. Bacterial community structures 
Diverse bacterial communities were observed in weathered, natural attenuated, contaminated soil 
samples collected from Western Australia. The top 10 dominant genera of each sample included 
many known hydrocarbon-degrading genera. The low relative abundance of hydrocarbon-degrading 
genera in hydrocarbon-polluted environments has previously been reported (Lozada et al., 2014). 
Many bacterial genera, such as Azospirillum spp. and Conexibacter spp. were present in 85% and 
82% of the total soil samples, respectively. Since none of these genera has been previously reported 
in contaminated sites, this study suggested that they could be site-specific genera due to the 
uniqueness of the studied sites and the weather conditions. Many of these genera were present in 
uncontaminated soils collected from hot and extreme arid regions, which have similar weather 
conditions to the site investigated in this study (Zhang et al., 2012, Bashan, 1999, Abed et al., 2015). 
Other genera such as Halomonas spp., Mycobacterium spp. and Streptomyces spp., previously 
reported to be associated with TPH-contaminated soils, were present in all contaminated soils 
(Haleyur et al., 2018, Abbasian et al., 2016), although not all of the species within these genera are 
hydrocarbonoclastic. Other genera such as Acinetobacter spp. Pseudomonas spp. and 
Pseudoxanthomonas spp., which have been found in mixed contamination environments due to their 
metal-tolerant ability (Markowicz et al., 2016) were also observed.  In addition, bacterial genera were 
correlated with heavy metal concentrations in soil samples. For example, Bacillus spp. was 
correlated to Cu; Sphingomonas spp. was correlated to Pb and Rubrobacter spp. was correlated to 
Zn. Although many genera showed a correlation to the presence of different contaminants, the 
changes in the microbial community remained unknown in this study due to the lack of control soil. 
Other studies have demonstrated that the presence of heavy metals, such as Cu and Pb, caused 
about 43% of the total variation occurring within the overall bacterial community (Zhang et al., 2016). 
Chapter 5 of this study was designed to observe the changes in the indigenous bacterial 
communities during the bioremediation of TPH-contaminated soil, as well as the impact of 
biostimulation and co-contamination on these communities. Taxonomic analysis of the top 50 genera 
based on the total OTUs was used to investigate the differences in structure and relative dominance 
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of the soils during 28 weeks of bioremediation. The natural attenuated soil showed many bacterial 
genera which were also found in the natural attenuated, weathered soils from the previous study, 
including Nocardioides spp., Pseudomonas spp., Aeromicrobium spp., Nocardia spp., Rhodococcus 
spp., Pseudoxanthomonas spp., Dietzia spp. and Roseomonas spp. The most noticeable change in 
the natural attenuation treatment of fresh TPH-contaminated soil was the gradual increase in the 
dominance of Nocardioides spp., from 9% to 40% and 35% in week 20 and 28 of the total population, 
respectively. 
Although the biostimulated soil showed a similar taxonomy profile to natural attenuated and control 
soils at their starting point, a different trend of bacterial dominance was observed during incubation. 
Many genera were common among both treatments, showing no major dominance, including 
Nocardioides spp., Dokdonella spp., Pseudomonas spp., Alcanivorax spp., Sphingopyxis spp., 
Nocardia spp. and Thermomonas spp.. A few hydrocarbon-degrading genera showed an increase 
in relative abundance in Week 4, such as Nocardioides spp. and Pseudomonas spp.. However, the 
dominance by Alcanivorax spp., which has been reported as a predominant bacterium in nutrient-
rich TPH-contaminated environments, significantly increased, representing 30% and 50% of the total 
population in Week 8 and 12, respectively. 
The presence of Pb as a single contaminant showed no notable effects on the structure of the 
bacterial community. Lead as a co-contaminant, however, impacted the dynamics of the bacterial 
communities. In the presence of Pb, Nocardioides spp. remained the dominant genera in natural 
attenuated soils, reaching 25% and 35% of the total bacterial population in week 20 and 28, 
respectively. However, the relative abundance of other hydrocarbon-degrading genera such as 
Sphingopyxis spp., Thermomonas spp. and Nocardia spp. also increased.  Moreover, the presence 
of Pb also affected the biostimulated soil. Pseudomonas spp. was observed to have a major 
dominance, representing 45% and 40% of the bacterial profile in Week 8 and 12, respectively, rather 
than the dominance of Alcanivorax spp. in the biostimulated TPH-contaminated soil. This could be 
due to the ability of Pseudomonas spp. to tolerate the presence of Pb (Oriomah et al., 2015).  
Pseudomonas spp. showed the highest resistance to heavy metals, especially Pb among other 
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hydrocarbon-degrading bacteria found in TPH co-contaminated soils (Ramadass et al., 2016). 
However, despite the dominance of metal-resistant species, many studies report a reduced TPH 
degradation rate when heavy metals are present as co-contaminants in comparison to when TPH is 
present as a single contaminant (Ramadass et al., 2016, Sandrin and Maier, 2003, Riis et al., 2002). 
6.5. Future perspective 
Although many studies have reported the toxicity of TPH and heavy metals individually, little is known 
about their combined ecotoxicity (Gauthier et al., 2014). The results of Chapter 4 and 5 of this thesis 
have shown that soils exhibit an elevated ecotoxicity when heavy metals are present as co-
contaminant alongside TPH. However, the cause of the elevated toxicity is uncertain. One possible 
reason could be the increased bioavailability of one contaminant by the presence of the other due to 
alteration of the transportation activity of the cell membrane  (Gauthier et al., 2015). Further, heavy 
metal speciation and behaviour, such as bioavailability and mobility, in contaminated soils is largely 
impacted by the soil physicochemical properties (McLean and Bledsoe, 2012). However, the relation 
between the soil composition and the ecotoxicological effects of the contaminants is poorly studied 
and requires further investigation (Gauthier et al., 2014, Alexander and Alexander, 2000, McLean 
and Bledsoe, 2012).   
Biostimulation was confirmed to be more effective than natural attenuation in remediating TPH in 
petroleum hydrocarbon-contaminated soils. The associated ecotoxicity, however, was significantly 
higher. One possible explanation could be that the addition of the biostimulator increased the 
bioavailability of the soil contaminants (Makadia et al., 2011, Olaniran et al., 2013). The high 
concentration of the added nutrients such as ammonium and phosphate was reported as a possible 
reason for the elevated ecotoxicity associated with biostimulated TPH-contaminated soils (Khudur 
et al., 2015). Therefore, it is recommended that a study to investigate the causes of the significantly 
higher toxicity associated with biostimulated soils should be conducted. Moreover, since using an 
organic compost as biostimulator showed a higher reduction in the related ecotoxicity (Nwankwegu 
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et al., 2016), a safer biostimulator (e.g. organic biostimulator) should be tested as an alternative to 
the chemically synthesised product.  
The structure of the microbial community is a crucial indication of soil quality (Zhang et al., 2016). 
The response of the soil microbes to external contaminants and fertilizers varied between different 
communities (Chodak et al., 2013). This causes an imbalance in the original composition of the 
microbial community, possibly due to (i) disappearance of most of the initial bacterial genera due to 
the toxicity of the contaminants; (ii) the domination of other genera which have the ability to resist 
and breakdown the contaminants or adopting high concentrations of nutrients (Chikere et al., 2017). 
The genus Alcanivorax spp. is usually associated with saline environments. In this study, however, 
Alcanivorax spp. showed a very high relative abundance in biostimulated treatments (non-saline). 
Thus, phylogenetic analysis of the sequences from OTUs found in this study should be carried out 
using known strains of Alcanivorax to check s a novel phylotype of the genus is present. Also, it 
would be valuable to check whether the alkB primers used would amplify from the main genera 
found, i.e. Nocardioides spp., Dokdonella spp., Pseudomonas spp., Alcanivorax spp., Sphingopyxis 
spp., Nocardia spp. and Thermomonas spp.,. In the light of this analysis critical evaluation of the 
alkB qPCR data could be performed. 
One of the expected outcomes of the bioremediation is to breakdown the contaminant which 
represents the stress that caused the shifts in the bacterial community. Thus, it is suggested that a 
trial to restore the microbial community should be conducted following bioremediation treatment. The 
restoration of the original composition of the bacterial community is unlikely to take place naturally; 
however, it could be achieved by adding an inoculum of the fresh original soil. This could help the 
proliferation of the native organisms found in the fresh soil inoculum, especially after lowering the 
concentration of the contaminants below the toxicity threshold and consuming the elevated 
concentration of the nutrients by the dominating organism.  
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6.6. Conclusion 
Petroleum hydrocarbons have become one of the most common worldwide contaminants due to the 
global demand for petroleum products. Land contaminated with petroleum hydrocarbons requires 
urgent attention due to the deleterious impact of the contaminant on the ecosystem. Bioremediation 
represents a simple, cost-effective and environmentally safe approach to treat petroleum 
hydrocarbon-contaminated soils. However, the co-presence of heavy metals (especially lead) 
alongside TPH is one of the most serious problems affecting the efficacy of bioremediation.  
The present study aimed to provide valuable information to fill the gap in knowledge as well as 
suggest solutions for many issues associated with bioremediation of TPH contaminated and TPH-
Pb co-contaminated soils.   
Specifically, this PhD project has concluded the following: 
• RemScan was successfully evaluated to be used as a portable tool to monitor the TPH
concentration during the bioremediation of TPH-contaminated and co-contaminated soils.
Compared with traditional methods (e.g. GC/MS), RemScan represents a beneficial
approach in any research or industrial bioremediation project due to its accuracy, time and
cost-effectiveness.
• Biostimulation was more effective than natural attenuation in remediating TPH and TPH-Pb
contaminated soils by reducing the concentration of TPH to a minimum level.
• The decrease in the associated ecotoxicity correlated with the reduction of TPH concentration
in the contaminated soils. However, elevated toxicity was observed in both the biostimulated
and the co-contaminated soils, despite the reduction in the concentration of TPH.
• Co-contamination with heavy metal (especially Pb) caused inhibition of the growth of the soil
bacteria, including hydrocarbon-degrading species. Lead as co-contaminant has impacted
the dynamics of the bacterial communities, and therefore affecting the efficacy of
bioremediation.
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